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The Cascade crystalline core of Washington State is a block of high grade 
metamorphic and plutonic rocks at the southeast end of the Cretaceous-Tertiary Coast 
Plutonic Complex. Previous workers have debated whether northwest translation or 
southwest-vergent thrusting was responsible for regional metamorphism and 
deformation. The present study finds structural evidence supporting both orogen-normal 
and orogen-parallel displacements, thus indicating that the regional deformation can be 
broadly characterized as transpressional.
Units of the study area include: 1) the Napeequa schist, derived from an ocean 
floor protolith, and 2) an accreted Triassic arc, which includes the Marblemount Meta 
Quartz-Diorite (MMQD) and metamorphosed volcanic and sedimentary rocks of the 
Cascade River Unit (CRU). Two plutonic bodies, the Jordan and Cyclone Lakes, intruded 
the accreted terranes and display limited tectonic deformation. Previous workers mapped 
two imbricate slivers of mylonitic MMQD in the footwall of the Razorback thrust, which 
emplaced MMQD over the Napeequa unit. Thin section analysis of new samples indicates 
both a clastic and plutonic protolith for these imbricate slivers, and thus the slivers 
represent both the CRU and mylonitic MMQD.
Mapping and structural analysis adjacent to and along the Cretaceous Razorback 
thrust zone leads to grouping of deformational events into three distinct phases (D1, D2 
and D3). The D1 events took place during peak metamorphism and are preserved in the 
MMQD, within hinges of folds in the CRU and Napeequa unit, and within garnet
IV
porphyroblasts of the Napeequa unit. Textures and shear sense indicate that both 
orogen-normal and orogen-parallel displacements were active during this time. D2 
events formed and/or reoriented the predominant foliations of the study area by 
southwest-vergent thrusting along the Razorback thrust and northwest-trending upright 
folds north of the thrust; these events indicate orogen-normal contraction during D2. 
Thrusting imbricated the CRU with the Napeequa and both units were thrust beneath the 
MMQD. North of the thrust zone, the timing of orogen-parallel strike-slip deformation 
relative to D2 events is uncertain; if active during D2 it suggests deformation was 
transpressive during the latter stages of D2. D3 features are concentrated between the 
Razorback thrust and northern margin of the Jordan Lakes pluton. D3 events record 
orogen-parallel folding of D2 fabric and sinistral shearing; folding and shearing are north 
and north-northwest-vergent.
Newly and previously reported radiometric ages constrain the timing of 
deformational and metamorphic events. A previously reported 94 (-I-- 2.5) Ma K-Ar cooling 
age of muscovite in the MMQD provides a younger age limit to peak metamorphism and 
D1 events. A new 81 Ma U-Pb zircon age in the Cyclone Lakes pluton with a sub-solidus 
foliation concordant to D2 thrust fabric provides a possible lower age limit of D2 
thrusting. New Ar-Ar cooling ages of biotite and muscovite are 72,60,59 and 58 Ma; 
these ages and the previously reported Jordan Lakes age (74 Ma, U-Pb) bracket D3 events 
as post-74 Ma to 58 Ma. These findings indicate that southwest-vergent thrusting post­
dates peak metamorphism and is overprinted by orogen-parallel deformation.
V
Ages and deformational phases reported in this study have both similarities and 
differences with other studies throughout the crystalline core. Collectively these studies 
indicate widespread similarities in the early to mid-Cretaceous orogen-normal 
accretionary events, and Late Cretaceous to early Tertiary orogen-parallel deformational 
events. Interpretations in between these times, during the mid- to Late Cretaceous, are 
much more variable suggesting that orogenic processes within the study area may be 
localized during this time. Furthermore the differences among the various studies 
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Introduction
The present study addresses problems of post-accretionary tectonics at the 
south end of the Coast Plutonic Complex in the North Cascades of Washington (Figure 
1). Post-accretionary deformation and metamorphism are common in much of the 
western North American Cordillera, which is composed of allochthonous terranes that 
accreted in Paleozoic, Mesozoic and Cenozoic times (e.g. Monger et al., 1982). 
Cordilleran geologists have debated for years over the latitude at which some terranes 
accreted and whether the post-accretion tectonic processes have been indicative of 
orogen-parailel transport (e.g. Brown, 1987; Maekawa and Brown, 1991) or dominantly 
orogen-normal contraction (e.g. Brandon et al., 1988; McGroeder, 1991; Brandon and 
Cowan, 1994; Monger and Journey, 1994). Long periods of subduction throughout the 
Mesozoic produced batholiths that intruded accreted terranes at various depths (Rubin 
et al., 1990; Walker and Brown, 1991). Some plutons have been deformed and 
metamorphosed (Walker and Brown, 1991; Brown and Walker, 1993; Miller et al., 2000). 
Understanding the relationship between plutonism, metamorphism and deformation 
within the plutonic bodies and the accreted terranes can further our understanding of 
Cordilleran tectonic processes.
The metamorphic and plutonic rocks of the Cascade Mountains, located in NW 
Washington State (Figure 1), provide an excellent opportunity to study deformational 
processes that occur at various levels in the crust. Workers have been unable to agree 
on the mechanisms responsible for the Cretaceous to Tertiary orogenic event of the 
region. The two main published models are; 1) a SW-NE contractional model
Figure 1: A) Regional tectonic setting of the study area (after Valley et al., 2003). B) 
Regional geologic map showing major structural domains and bounding faults (after 
Brown et al., 1994). Boxes show the study area of this project, region of close up in later 
figures, and regions of other published studies referenced throughout this theses. The 
Mt Stuart and Buck Creek pass/Sulphur Mt areas are noted due to the volume of work 
done in those regions.
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(McGroder, 1991; Monger et al., 1982; Umhoefer and Miller, 1996) in which crust is 
thickened and deformed by SW and NE-vergent thrusting and folding, and 2) a SE-NW 
translation model in which crust is deformed by NW-directed shear (Brown and Talbot, 
1989) and thickened by magma loading (Brown and Walker, 1993). The models not 
only require different metamorphic and deformational processes but also require large 
differences in paleogeography and latitudinal displacements. Evidence for both 
models exists, leading some later workers to propose multiphase deformational 
models that involves both orogen-normal contraction and orogen-parallel 
transpression (Brown et al., 2000; Paterson et al., 2004).
The area of study for this project is in the Cascade River area of the North 
Cascades Mountains, in the metamorphic and plutonic complex known as the 
Cascades crystalline core (Figure 1). The study focuses on a ~10 km long poorly 
understood thrust contact, here named the Razorback thrust, between two accreted 
metamorphic units, and the adjacent regions NE and SW of the thrust. Proponents of 
the contractional model have documented extensive evidence of multiple folding 
events and high angle SW-vergent reverse shear along plutonic margins to 
accommodate NE-SW shortening (Miller and Paterson, 1992; Paterson and Miller,
1998a; Miller and Paterson, 2001 a & 2001 b; Miller et al., 2006). Despite this evidence 
there is little evidence preserved of large-magnitude SW-vergent thrusting capable of 
loading the crystalline core. Resolving the kinematics of the Razorback thrust, and its 
relationship to the surrounding region, which has been interpreted as recording 
orogen-parallel, dextral strike-slip deformation (Dragovich 1989; Cary, 1990; Brown et 
al., 1994), provides new insight into the complex orogenic processes of the region. The
3
known age of regional metamorphism and plutonism, combined with one new 238|j- 
206pb and five new ‘’^Ar-^^Ar radiometric ages constrains the timing of deformation in 
the study area. The new data indicate that both orogen-normal contraction and 
orogen-parallel deformational processes played critical roles during the Cretaceous to 
early Tertiary orogenic event.
Statement of Problem
Ongoing research over the last ~15 years in the southern and central crystalline 
core has provided strong structural evidence of mid-Cretaceous NE-SW contraction via 
folding (Miller and Paterson, 1992; Paterson and Miller, 1998a; Miller and Paterson, 
2001a and 2001 b). Late Cretaceous to early Tertiary transpression (Paterson et al., 2004) 
and a new hypothesis regarding the significance and formation of stretching lineations 
(Miller et al., 2006). In the northwestern crystalline core, specifically the Cascade River 
area, mid-Cretaceous deformation has been interpreted to have resulted from SE-NW 
trending (orogen-parallel) dextral shear (Brown et al., 1994). Fluke (1992) called for 
further research along a thrust in the Cascade River area, the Razorback thrust (Figure 
2), due to the presence of steep and shallow stretching lineations adjacent to the 
thrust. New research in this region has been neglected since the mid 1990's. Resolving 
the kinematic nature of the thrust, its timing, and its relation to interpreted SE-NW 
dextral shear features in nearby areas around the thrust (Dragovich, 1989; Cary, 1990; 
Brown, et al. 1994) is the primary goal of this project. Other goals are to understand 
the number and kinematics of deformational events and their tectonic significance.
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Conclusions pertaining to these issues are compared and contrasted to the latest 
models of crystalline core orogenic processes.
Geologic Setting
In British Columbia the three main constituents of the Cordillera are the 
Intermontane superterrane, Wrangellia and the Coast Plutonic Complex (Figure 1 a). 
Much of inland British Columbia is composed of the Intermontane superterrane, an 
amalgamation of several terranes that accreted in the Jurassic (Monger et al., 1982). 
Wrangellia is composed of Triassic ocean plateau basalts and island arc volcanics that 
accreted to North America in Jurassic (McClelland et al., 1992) or Cretaceous time 
(Jones et al., 1977); most of Vancouver Island, and portions of coastal B.C. and Alaska 
are made up of Wrangellia (Figure la). The Coast Plutonic Complex is an >1800 km 
long Jurassic-Cretaceous magmatic arc that intrudes both the Intermontane and 
Wrangellia terranes and therefore is the suture between the two (Armstrong, 1988).
At the southern end of the Coast Plutonic Complex lie the North Cascades 
Mountains (Figure 1 b). Collectively the metamorphic and plutonic rocks of the range 
make up a mostly-fault-bounded tectonic block known as the Cascade crystalline core 
(Figure 1 b). The crystalline core has been offset 90-190 km south from the Coast 
Plutonic Complex by the Eocene Straight Creek fault (Figure 1 b). West of the Straight 
Creek Fault lies the Northwest Cascades System (NWCS), an imbricate thrust stack of 
Paleozoic to Mesozoic accreted terranes (Brown, 1987). Outboard and to the NW of the 
NWCS is Wrangellia (Figure 1 b). The Tertiary Ross Lake Fault Zone bounds the east side 
of the crystalline core (Figure 1 b). To the east lies the Methow block, a Jurassic-
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Cretaceous sedimentary basin which is bounded to the east by plutons of the 
Intermontane terrane (Figure 1 b) (Tabor et al., 1989).
Geology of the Crystalline Core
The crystalline core is a continental magmatic arc of Cretaceous to early Tertiary 
age that preserves multiple metamorphic, plutonic and deformational events that took 
place at various depths in the crust over a 30-50 million year time span. Metamorphic 
pressures range from 3-12 kbars with temperatures up to 740°C, with a maximum 
burial depth of 40 km (Brown et al., 1994). The core is divided into two structural 
blocks, the eastern Chelan block and the western Wenatchee block; the brittle Eocene 
Entiat fault approximates the boundary between the two blocks (Figure 1 b).
Plutonism, metamorphism and ductile deformation all continued longer in the Chelan 
block than in the Wenatchee block (Table 1).
Table 1: Thermal differences between the Wenatchee and Chelan blocks of the 
crystalline core. ___________ ___________________ ___________
Plutonism Metamorphism Range of cooling 
ages(<330°C) & the end of 
ductile deformation
Wenatchee Block >96-74 Ma >96-86 Ma 81-54 Ma
Chelan Block >96-45 Ma 90-70 Ma, commonly
<60 Ma
48 Ma-36 Ma
(data from Tabor et al., 2002; Paterson et al., 2004; Miller et al., 2006; Stowell et al., 2007)
Two conflicting orogenic models have been proposed to explain the 
deformational and crustal loading histories of the crystalline core; the two models are 
referred to as the NW translation and 5W-NE contraction models.
NW Translation: In the NW translation model a strong imprint of orogen- 
parallel strike-slip tectonics with a component of SW-NE shortening overprints earlier
6
contractional deformation formed during accretion (Brown and Talbot, 1989).
Regional low-pressure metamorphism is associated with accretion; later high-pressure 
metamorphism is the result of magma loading caused by extensive subduction related 
plutonism (Brown and Walker, 1993). Orogen-parallel stretching lineations whose 
orientations support the NW translation model come from the northern and central 
Wenatchee block, the northern Chelan block (Brown and Talbot, 1989; Brown and 
Walker, 1993; Brown et al., 1994), the Harrison Lake area of British Columbia (Brown et 
al., 2000), and the NWCS, west of the crystalline core (Brown, 1987) (Figure 1 b).
The study area of this project is S-SW of the Cascade River in the Wenatchee 
block (Figure 1 b and 2); data from the greater Cascade River region have been 
interpreted by previous workers as supporting the NW translation model (Brown et al.,
1994). Detailed studies in the Cascade River region include M.S. theses by Dragovich 
(1989), Cary (1990), McShane (1992), Fluke (1992) and Dougan (1993) (Figure 2). These 
authors report NW-striking steep foliation planes with shallow to moderately plunging 
orogen-parallel stretching and mineral lineations; they conclude that non-coaxial, 
orogen-parallel dextral shear deformed the region following accretion and terrane 
assembly.
SW-NE contraction: In one version of this model the NWCS nappes originated 
in the Methow block and were thrust over the crystalline core during the mid- 
Cretaceous collision of Wrangellia with North America, deforming and loading the 
crust ( Monger et al., 1982; McGroder, 1991; Umhoefer and Miller, 1996). Another 
version of the SW-NE contractional model does not require NWCS to be thrust over the 
crystalline core; crustal loading is accomplished via bulk shortening along SW-vergent
7
Tertiary pluton |
a Late Cretaceous plutonjSkagit paragneiss |
I Marblemount meta-quartz diorite 
I Napeequa unit (w/migmatite zones)
I Magic Mtn. Gneiss
Cascade River sch. (pelite) 
Cascade River sch. (clastic) 
Cascade River sch. (volcanic) 
Chiwaukum Schist
Figure 2: Generalized geologic map of the northern Wenatchee and Chelan blocks; 
after Brown et al. (1994) and Tabor et al. (1994; 2002). Black box outlines the study 
area of this project and close up area in Figure 4; white lines outline the study areas 
of previous M.S. theses in the region: Dragovich (1989), Cary (1990), Fluke (1992), 
McShane (1992) and Dougan (1993). Locations mentioned in the text include the 
Cascade River, Lookout Mt. and Razorback Mt.
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reverse faults and folding within the crystalline core (e.g. Miller and Paterson; 1992; 
Paterson and Miller, 1998a; Miller and Paterson, 2000; Paterson and others 2004; Miller 
et al., 2006). These authors have focused much of their research throughout the 
southern and central crystalline core in both the Chelan and Wenatchee blocks (Figure 
1b).
The current understanding of the tectonic history of the Wenatchee block is 
summarized herein. Accretion and assembly of terranes with accompanied 
metamorphism is post-125 Ma as evidenced by detrital zircon ages in the Tonga 
formation, a metamorphic unit south of Figure 2 (Brown & Gehrels, 2007), and pre-96 
Ma by intrusive terrane stitching plutons (Tabor et al., 2002). Widespread syn-tectonic 
plutonism and Barrovian metamorphism occurred from 96-86 Ma (e.g. Miller and 
Paterson, 2000; Stowell et al., 2007); synchronous development of orogen-parallel 
lineations are variously interpreted as indicating strike-slip tectonics (Brown and 
Talbot, 1989) or polyphase folding and orogen-parallel maximum stretch direction 
(Miller et al., 2006). The metamorphic gradient is interpreted as increasing from the 
NW to the SE (Brown et al., 1994) (Figure 3). Biotite cooling ages (Ar-Ar and K-Ar) 
indicate uplift and the end of ductile deformation in the southern Wenatchee block in 
the Mt Stuart area (Figure 1 b) by 81 Ma (Engels et al., 1976; Tabor et al., 1987; Evans and 
Davidson, 1999). In the central Wenatchee block, specifically the Buck Creek 
pass/Sulphur Mt. area (Figure 1 b), ductile deformation continued after 68.5 Ma (Miller 
et al., 2006) and limited K-Ar biotite ages (Engels et al., 1976) indicate cooling by 58-54 
Ma. In the northern Wenatchee block a lone 94 Ma K-Ar muscovite age (Tabor et al., 
2002) provides the only cooling age.
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::;2ITertiarv pluton ^HMarblemount meta-quartz diorite HJCascade River sch. (pelite)
"Hlate Cretaceous plutorjUUNapeequa unit (w/migmatite zones) ^Bl^scade River sch. (clastic) 
BlSkagit paragneiss ^|Magic Mtn. Gneiss BHCascade River sch. (volcanic)
I: >vKhiwaukum Schist
Figure 3: Generalized geologic map from Figure 2 (refer to Figure 2 for study area 
boundaries) showing geochronologic data (see inset box for key), metamorphic 
isobars (black lines, pressures in kbars); after Brown et al„ (1994) and Tabor et al., 
(2002). Heavy dashed black line between the Napeequa and Cascade River Unit in 
the Chelan block represents the poorly understood contact between the two units.
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Study area: geology and previous work
The heart of the study area is focused along the Razorback thrust, south and 
southwest of the Cascade River valley (Figure 2). Adjacent to the thrust are three 
metamorphic units: the Marblemount Meta-Quartz Diorite (MMQD), Cascade River Unit 
(CRU) and the Napeequa schist (Figure 2). South of these metamorphic units are the 
Jordan and Cyclone Lakes plutons (Figure 2). Metamorphic and plutonic units are 
described in this section.
Metamorphic Units
The Marblemount Meta-Quartz Diorite (MMQD) (Figure 2) is a metamorphosed 
Triassic arc pluton (Misch, 1966). Its protolith is quartz diorite, with local areas of 
gabbro, hornblendite and tonalite (Tabor et al., 2002). The metamorphic minerals 
include chlorite, epidote, quartz, albite, hornblende and calcic plagioclase; 
metamorphism ranges from chlorite zone of the greenschist facies to amphibolite 
facies. Foliated and non-foliated aplite and pegmatite dikes are locally abundant and 
typically folded (Tabor et al., 2002). The southern and northern margins of the unit are 
gneissic and strongly deformed; Tabor et al., (2002) mapped the entire southern 
margin as a sub-unit of the MMQD. He describes it as "flaser gneiss", containing a 
strongly deformed tectonic gneissic foliation formed during metamorphism; this unit is 
referred to as gneissic MMQD. The gneissic MMQD represents the hanging wall of the 
Razorback thrust (Fluke, 1992; Tabor et al., 2002) (Figure 2). In addition to the gneissic 
MMQD, Fluke (1992) mapped two thin zones of mylonitic MMQD immediately south of 
the gneissic MMQD in both the hanging and footwalls of the Razorback thrust NE of
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Razorback Mt (Figure 2). A U-Pb radiometric zircon age of 220 Ma was reported by 
Mattinson (1972) (Figure 3) and is interpreted as the protolith age.
The CRU (Figure 2) consists of mica-quartz-plagioclase schist, biotite paragneiss, 
hornblende-biotite schist, calcareous mica schist and metaconglomerate (Cary, 1990; 
Brown et al„ 1994). A consistent mappable stratigraphy with three subunits is present 
throughout the unit. Volcanic CRU is adjacent to the MMQD and is considered to 
represent extrusive rocks associated with the Marblemount pluton. This is based on 
similarities in chemical composition between the volcanic CRU and MMQD, a 220 Ma 
zircon age of a dacite in the volcanic CRU (Figure 3) and a gradational intrusive contact 
between the two units (Cary, 1990; Tabor et al., 2002). Clastic CRU is stratigraphically 
above the volcanic CRU and contains clasts similar to rocks of the MMQD (Dragovich,
1989). Pelitic CRU is the stratigraphically highest part of section of the three. The 
MMQD is interpreted as the plutonic basement to the CRU volcanic arc (Tabor et al., 
2002); the MMQD is therefore structurally lowest.
The Napeequa schist (Figure 2) is a metamorphosed ocean floor assemblage 
whose protolith age is poorly constrained; the unit is probably correlative to the 
Cogburn unit in the Harrison Lake area (Figure 1B) which is intruded by the Ca. 225 Ma 
Clear Creak pluton (Brown et al., 2000). The unit is typically upper amphibolite facies in 
most of the crystalline core and consists of amphibolite, hornblende ± mica schist, 
garnet-mica-quartz-plagioclase schist, micaceous quartz schist, meta-ribbon-chert and 
ultramafic pods (Tabor et al., 2002). Dragovich (1989) reported that considerable 
structural dismemberment of the unit is apparent from the Juxtaposition of unrelated 
lithologies.
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The structural relationship between the MMQD, CRU and Napeequa unit has not 
been completely resolved. Within the study area, the map pattern between the MMQD 
and Napeequa contact indicates that it is a thrust. Outside of the study area the 
contact shows evidence of being intrusive in some areas (Tabor et al., 1987). The 
MMQD-CRU contact is strongly deformed, but has been described by Brown (Fugro- 
Northwest, 1979) as a gradation from coarse-grained meta-plutonic through 
hypabyssal dikes to metavolcanics (Cary, 1990). The nature of the contact and relative 
structural position of the Napeequa and CRU in the Chelan block is also unresolved 
(Figure 3).
Following detailed mapping. Fluke (1992) called for more work to be done to 
ascertain the extent, timing and significance of shearing east of Razorback Mt (Figure 
2) in the Jordan Lakes pluton margin and adjacent metamorphic units. He also noted
the need for additional work on the MMQD-Napeequa contact (Razorback thrust) to 
determine if the original nature of the contact was intrusive or tectonic, and to learn 
the extent of the mylonitic MMQD and gneissic MMQD zones around the thrust.
Plutonic Rocks
Cretaceous plutons in the Cascade River regjon intruded at various depths and 
range in structure from gneissic to undeformed. The two plutonic bodies within the 
study area are the Jordan and Cyclone Lakes plutons; south of the study area are the 
Downey Creek sill complex, Chaval pluton. Bench Lake gneiss and Mt. Buckindy stock 
(Figure 2). North of the study area are the Marble Creek, Haystack, Hidden Lakes Peak 
and Eldorado plutons (Figure 2). Radiometric ages and descriptions of the Jordan and
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Cyclone Lakes plutons are detailed in following paragraph; all plutons mentioned 
above are briefly described and radiometric ages are shown in Table 2 and Figure 3.
The Jordan and Cyclone Lakes plutons are located south of the metamorphic 
units of the study area (Figure 2). The Jordan Lakes pluton is predominantly a 
hornblende-biotite tonalite and granodiorite (Tabor et al., 2002); the majority of the 
pluton is not foliated, but a tectonic fabric is present along the NE margin near 
Razorback Mt. (Fluke, 1992) (Figure 2). Zircons yielded a U-Pb age of 73-74 Ma (Walker 
and Brown, 1991) (Figure 3, Table 2). A gradational contact from the Jordan Lakes 
pluton to alaskite of the Cyclone Lakes pluton is marked by a decrease in biotite and 
hornblende, an increase in muscovite and decrease in grain size (Tabor et al., 2002). 
The southern and northern ends of the Cyclone Lakes pluton are foliated and 
described as gneissic (Tabor et al., 2002). K-Ar radiometric cooling ages of biotite and 
muscovite range from 27-59 Ma age; ages are interpreted as reset by the 16 Ma Mt. 
Buckindy stock (Tabor et al., 2002) (Figure 3, Table 2).
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Table 2: Ages and nature of fabric in plutonic units within and adjacent to the study 
area.
Plutonic Unit Name Age Ma (238u_206pb zircon) Foliation
South of Study Area
Chaval Pluton 92 (Walker & Brown, 1991) Magmatic
Downey Creek Sill 
Complex
95 (Tabor etal., 1989) Tectonic-Migmatite
Bench Lake Interpreted as coeval with 
Downey Creek
Tectonic-Migmatite
Mt Buckindy Stock 16 Ma (K-Ar hbl. Tabor et al, 
1989)
None
North of Study Area
Hidden Lakes Peak Stock 73-76 (Haugerud et al., 1991) None to localized 
tectonic
Marble Creek Pluton 75-76 (Haugerud et al., 1991) Tectonic
Haystack Pluton 71 (Haugerud etal., 1991) Tectonic
Eldorado Pluton 90-88 (Haugerud et al., 1991) Magmatic & Tectonic
In Study Area
Jordan Lakes 73-74 (Walker & Brown, 1991) None to highly localized- 
tectonic
Cyclone Lakes 81 (This study) None to localized- 
tectonic
Structural, metamorphic and geochronologic data
New data collected for this project comes from within the study area shown in 
Figure 2. Presentation of data is divided into three sections: structural, microstructures 
and metamorphism, and geochronology. Detailed mapping and structural analysis 
were performed using the map and unit contacts of Tabor et al., (2002); collected data 
include foliation, lineation and fold attitudes, and shear sense indicators. The 
microstructures and metamorphism section details the development of foliation(s) and 
the petrographic relationship(s) of metamorphic index minerals to foliation(s) from 
thin section analysis. The geochronology section outlines the results of new ^oAr-^^Ar 
and 238y_206pb radiometric dating obtained for this study. The location of field stations 
can be found on Plate 1 and Appendix A. Sample names correspond to station names.
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i.e. sample 1A is from station 1 A. Samples that have been collected by other workers
have the prefix 118 (Fluke, 1992), 174 (Cary 1990), 164 (Dragovich 1989) or 186 
(Isaacson, 2008); these samples are stored at Western Washington University along 
with samples collected for this study which have the prefix 187.
Structural data
Structural data including shear sense and foliation, lineation and fold attitudes 
are separated into five geographic domains across the study area: Bug Ridge, Kindy 
Ridge, Boulder Creek, the Northern domain and lllabot Creek (Figure 4A). The southern 
portion of Bug Ridge, Boulder Creek and Kindy Ridge domains pertain to the Razorback 
thrust; the Northern domain, lllabot Creek and northern Bug Ridge are not related to 
the Razorback thrust. Bug Ridge is the largest domain of the study; it is not named on 
the uses map and was affectionately named Bug Ridge due to its brutal mosquito 
population. The majority of the ridge is above tree line and provides a relatively 
continuous stretch of exposed outcrop across the three metamorphic units, and the 
best exposure of the Razorback thrust. Kindy Ridge provides a narrow N-S transect 
across all of the units in the study area. The Northern domain, lllabot Creek Rd., and 
Boulder Creek Rd. are limited to road cuts, quarries and small exposures within dense 
forest cover. Data from each domain is presented below in various figures. Geologic 
maps of domains with structural data are located on Plate2 (Bug Ridge and Kindy 
Ridge) and Appendix A (Boulder Creek, Northern domain and lllabot Creek).
Abbreviations of structural features such as foliation, lineation and folding are 
used in conjunction with abbreviations for deformational and metamorphic events
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Figure 4: A) Close up of study 
area outlined by box in Figure 2. 
Geologic map of the study area, 
based on Fluke (1992) and 
Tabor et al., (2002). Topography 
from USGS 7.5 minute 
quadrangles: lllabot Peaks, 
Snowking Mountain and Sonny 
Boy Lakes. White boxes outline 
the geographical extent of the 
five structural domains shown 
in close up in later Figures. Grey 
region outlines map area in 
Plates 1 and 2. B) Close up of 
area outlined by Bug Ridge box 
above; Bug Ridge is divided into 
three separate domains: I, II and 
III, based on geologic 
relationships.
throughout the text. One of the goals of this project is to relate structures to 
deformational and metamorphic events across the study area and collectively place 
these events into a timeline. This task is very challenging due to differences in 
rheology, strain partitioning, metamorphic grade and bulk chemistry that exist 
throughout the each domain of the study area. Single letter, upper case abbreviations 
for foliation, lineation, folding, deformation and metamorphism are listed in Table 3A; 
foliations and lineations within Cretaceous plutonic units are noted with a subscript p.
Each single letter abbreviation is assigned a number which denotes its relative age. 
That number is also assigned to the deformational and/or metamorphic event 
associated with the structure. For example SI (foliation) and LI (lineation) formed 
during D1 (deformation) and Ml (metamorphism); F2 folding, folds an SI foliation, 
forming a new S2 foliation during D2. Because some domains preserve more events 
than others, numbers are further modified by a lower case letter if necessary. For 
example, the MMQD preserves two pre-S2 foliations referred to as Si a and Sib.
Table 3: Abbreviations of terms used in the text.
Structural term Abbreviation
Foliation Sla<Slb<S2
Foliation in Cretaceous pluton Sp
Lineation LKL2<L3
Lineation in Cretaceous pluton Lp
Folds F1a<F1b<F2<F3a<F3b<F3c
Deformation D1 a<D1 b<D2<D3a<D3b<D3c
Metamorphism M1a<M1b<M2
Bug Ridge
Data from Bug Ridge are subdivided into 3 domains: I, II, and III (Figure 4B). The 
northern and southern boundaries of Domains I & II are based on structural, and
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relative and absolute age relationships. The eastern and western boundaries are 
located at the alpine tree line that limits outcrop exposure. The northern limit of 
Domain I is undefined due to forest cover and is structurally bounded to the south by 
the gneissic MMQD zone as mapped by Tabor et al., (2002). Domain II is structurally 
bounded to the north by the northern extent of the gneissic MMQD zone and to the 
south by the intrusive Jordan Lakes-Napeequa contact. Designation of Domain III 
boundaries is highly interpretive because its spatial extent is defined by localized 
structures that overprint Domain II structures. This overprint extends NW through the 
Boulder Creek domain, and SW into the Jordan Lakes pluton (Figure 4B). Boundary 
locations are based on the extent of traceable structural data associated with Domain 
III. Distinguishing characteristics of each domain are listed below in Table 4.












NW & SW-dipping SI b 
















Localized ENE to E-dipping S3 
foliations, NW & SE-plunging 
L3b lineations
Domain I
Domain I is characterized by high variability of structural orientations, strain 
intensity and localized areas of outcrop scale folding; the entire domain has been 
folded at map scale. The domain is composed of MMQD and a single meter-scale
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schistose inclusion near the southern boundary of the domain. The MMQD ranges 
from undeformed pluton to highly gneissic and/or locally sheared. Strain intensity, 
structural orientations and development of foliation change within meters; single 
outcrops can range from having no foliation to gneissic banding (Figure 5A, B). 
Gradations from zero to high strain commonly take place within 20 meters, with offset 
along brittle shear zones common at the highest-strain portion of the transition (Figure 
5B). Numerous foliated and unfoliated dikes and sills of varying composition intrude 
country rock. Foliations plotted on the map (Plate 2) are interpreted as Sib, which 
overprints an earlier SI a foliation (Figure 5C); the significance and extent of these 
foliations are addressed below in the Microstructures and Metamorphism section. 
Plotted foliations (Plate 2) are the most representative of the outcrop and do not reflect 
the high degree of variability that commonly exists at each station.
The northern portion of Domain I is the most variable in terms of strain and 
structural orientations. Moderate NW-dipping to sub-vertical foliations are present in 
both high and low-strain rocks (Figure 6A, B). Stretching lineations of quartz and 
hornblende mineral lineations plunge moderately to shallowly NE and SW (Figure 6B). 
Stretching lineations are not very common, and are found only in high-strain-intensity 
rocks. Many outcrops show no solid state deformation and in these rocks original 
Plutonic texture is completely preserved (Figure 5D). High-strain regions are defined 
by strong planar alignment of micas, and linear alignment of hornblendes with distinct 
gneissic banding (Figure 5E). In areas of moderate-strain, moderately to well 
developed foliation is defined by micas that wrap plagioclase and quartz with plutonic 
texture partially preserved (Figure 5F).
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Figure 5: Characteristics of Domain I outcrops and samples. A) Station 11 A, massive 
plutonic texture, moderate foliation and high-strain intensity shear zone. B) Station 
1 ip, meter-scale transition of massive to gneissic texture, low to high strain and 
brittle shear. C) Multiple foliations defined by hornblende in hand sample and thin 
section. Photomicrographs cut perpendicular to foliation; sample 12H cross polars 
(xp), sample 121 plane polars (pp). D) Massive plutonic texture, 3D glasses for scale, 
~3cm high. E) High strain sample with gneissic banding. F) Moderately-strained 
sample.
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Figure 6: Domain I of Bug Ridge. A) Map of 
northern Bug Ridge, Domain I, with foliation 
and stretching and mineral lineation attitudes, 
and map scale FI c folds; inset shows location 
of map within study area. Colors as in Figure 
4A. B) SI b foliation attitudes and stretching & 
mineral lineations. C) Axial planes and fold 
axes of Fla and Fib meter-scale folds. D)
Poles to SI b foliation (black dots), cylindrical 
best fit (red line), and calculated fold axis (red 
box #3). All stereoplots by Stereowin 
(Almendinger, 2003) are equal area, lower 
hemisphere projections.
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The southern portion of domain I is also highly variable in strain, however no 
areas of brittle offset were observed. Foliations along the southern boundary of the 
domain (stations 11E, 12D, 12E, 12F and 121, see plate 1) display a consistent 
moderately SW-dipping orientation (Figure 6A). Sandwiched within these stations of 
SW-dipping MMQD is a NE-dipping schistose inclusion (station 12G) that is discordant 
to the SW-dipping MMQD and marks the beginning of an approximately 60 m thick 
transition zone between Domains I and II (Figure 7A). The schistose inclusion is 
concordant to the Domain II structures approximately 80 meters to the south. The 
contact along the northern portion of the inclusion is obscured by talus and is unclear. 
Very limited exposure of the lower contact indicates a sharp contact with massive 
MMQD; there is no evidence of shearing. To the SW, and structurally below the 
inclusion and massive MMQD, the transition from Domain I into Domain II is marked by 
sharply bounded, cm-scale shear zones (Figure 7B) of Domain II features (NE-dips and 
gneissic shear fabric), that cut Domain I features (SW-dips and flattening fabric) (Table 
2) (Figure 8B). Data from stations 12G and12H exhibit Domain II attitudes and are
therefore included in the stereoplots of Domain II even though they are north of the 
gneissic MMQD-zone and therefore within the boundaries of Domain I. Sample 12H 
preserves the metamorphic texture (flattening) and mineralogy (hornblende) of 
Domain I but is interpreted to have been reoriented into NE-dipping Domain II 
geometry by the imbricate gneissic shear zones of the transition area (Figure 7B).
Highly variable folds of foliated and unfoliated dikes and of MMQD foliation are 
locally present throughout the domain showing evidence of more than one 
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=igure 7: Transition zone between Domains I & II at Bug Ridge. A) Map of study area on 
the left, red box shows the location of map on the right with locations of stations in the 
transition zone. B) Schematic sketch portrays the relative structural position, dip 
direction and metamorphic texture of stations in A above. Photos on the right show 
stations 12F, 12G and 12H. See text for further explanation.
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plunging, to reclined; tightness ranges from gentle to isoclinal. Upright centimeter- 
scale folds of foliation are gentle to open, and plunge shallowly SW and NE. Meter- 
scale upright to gently-plunging isoclinal folds of foliated dikes plunge SW. Reclined, 
plunging, isoclinal folds with limbs parallel to foliation plunge NE and SW (Figure 6C). 
One steeply SE-plunging SW-vergent fold of schistose foliation was noted. SI b 
foliations of the entire domain are folded about a moderately-plunging SW axis (Figure 
6D); these FI c folds are too large to be observed in the field, however cross section 
interpretation (Figure 8A, C) indicates they are upright, isoclinal and symmetric.
Domain II
The defining characteristics of Domain II (Table 4) include moderately NE- 
dipping foliations, NE-plunging lineations, well developed shear fabric and recumbent 
to reclined isoclinal folds of foliation that were all formed during thrusting along the 
Razorback thrust. In general Domain II exhibits higher strain intensity than Domain I as 
evidenced by finer grain size, greater development of stretching lineations and closer 
spacing of cleavage domains. Gneissic MMQD, Mylonite, Napeequa and CRU are 
present within the domain (Figure 9A). Foliations and lineations of each unit are 
described separately.
Detailed sampling and mapping along the Razorback thrust indicate that the 
mylonitic MMQD interpretation of Fluke (1992) is incomplete. Careful examination of 
outcrops and thin sections confirm that the upper and lower mylonitic MMQD slivers 
(Figure 9A) mapped by Fluke (1992) also contain CRU. Samples within the two slivers 
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Figure 8A) Key to all cross sections constructed across the study area. Large map is 
from Figure 4A, inset map is from Figure 2 and shows the extent of cross sections 
F-F' and G-G' which extend outside the boundaries of the field map (Figure 4A)
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Figure 9: A) Map of Domain II displaying foliation and stretching lineation attitudes; inset 
shows location of map in study area. Unit colors as in Figure (4A), some strike lines are 
white for legibility. B) S2 foliations and L2 stretching lineations of gneissic MMQD. C) S2 
CRU and Mylonite foliations and stretching lineations. D) S2 Napeequa foliations and L2 
stretching lineations.
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protomylonite to ultramylonite and both volcanic and clastic CRU are present. The 
most distinguishing feature that contrasts the CRU and mylonitic MMQD is the 
preservation of sedimentary structures within the clastic CRU; multiple boulders in the 
float adjacent to the slivers contain large elongate clasts (Figure 10A). Schistose, clastic 
CRU samples collected from both slivers contain sub-rounded low-strain clasts of 
plagioclase and preserved graded bedding (Figure lOB). Schistose, volcanic CRU 
samples contain large amounts of chlorite, epidote, plagioclase and limited 
hornblende (Figure IOC). Mylonites (CRU and MMQD protolith) display much finer 
grain size, and plagioclase porphyroblasts are wrapped by a nearly continuous foliation 
defined by muscovite and some chlorite (Figure 11). In the highest strain mylonites, 
fine grain size and the chemical similarity of the CRU and MMQD make it difficult to 
confidently identify whether the protolith is CRU or MMQD. In cases where protolith 
cannot be determined samples are referred to as Mylonite (Figure 11). Mylonite 
samples with remnant plutonic texture are referred to as mylonitic MMQD, mylonite 
samples with preserved volcanic or sedimentary textures are referred to as mylonitic 
CRU and schistose samples are referred to as clastic CRU or volcanic CRU. The two 
slivers are collectively referred to as Mylonite in the text and as the unit name on all 
maps and cross sections to emphasize the variable lithologies within the two slivers.
Rugged terrain, a lake, and limited ridgetop outcrops make mapping the extent 
of the two imbricate slivers difficult; approximately 0.5 km of the lower sliver east and 
west of the small lake (Figure 9a) is mapped accurately. This region of the study area 
provides the best exposure of the Razorback thrust; despite this the contact cannot be 
followed for more than a few hundred meters. As a result of this difficulty, placement
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All three photos of 
sample 21 A, norm^ 
to foliation. Uppe 






S2 chlorite replacing 
SI hornblende at
Broken hornblende
Figure 10: Clastic and volcanic CRU from Domain II. A) Boulder found in float adjacent to 
the Razorback thrust, note highly elongate stretched clast, hiking pole for scale. B) 
Photomicrographs of clastic LRU with low strain, sub-rounded pTagioclase clasts and 
preserved graded bedding. C) Photomicrographs of vocanic CRU showing the altered 
and broken relationship of SI hornblende to S2 chlorite.
34
Figure 11: Examples of Mylonite. A) Outcrops of fine grained Mylonite along the 
Razorback thrust. B) Samples with continuous foliation defined by muscovite and 
chlorite. C) Earlier foliations preserved in microlithons between S2 cleavage domains. 
All photomicrographs are normal to foliation.
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of the contact is not changed from theTabor et al., (2002) map, and it is prudent to 
emphasize that much of the contact is inaccessible and/or buried. From the outcrops 
that are accessible it is known that the thickness of the units and the proportion of 
Mylonite to Clastic CRU to Volcanic CRU is highly variable along strike. The upper sliver 
has been added to the entire thrust on my map even though it may not be as 
continuous as shown (Figure 9A, Plates 1 and 2).
Outcrops throughout Domain II show that the predominant, measurable 
foliation overprints an earlier foliation. Thin sections consistently display two and 
sometimes three foliations (Figure 11C); due to the high degree of thrust-related 
overprint the extent and nature of early event(s) is obscured. Foliations that are older 
than the predominant foliation are referred to as SI a and SI b in the MMQD and 
Mylonite, and Si in the Napeequa and CRU. The predominant foliation of Domain II is 
interpreted as S2, and stretching lineations as L2. The nature of the different foliations 
is described in detail in the Microstructures and Metamorphism section. The 
relationships of SI, SI a and Sib, and S2 to regional and local structures are addressed 
below in the interpretation section.
All MMQD within Domain II is either gneissic or mylonitic. Centimeter-scale 
thick zones of mylonitic MMQD are found within the gneissic MMQD, north of the 
thrust and Mylonite slivers. These mylonitic zones are too small to be mapped as a 
separate unit, they represent zones of increased strain intensity within the gneissic 
MMQD and are interpreted as coeval with the imbricate Mylonite slivers. Some areas 
are more gneissic than others, and multiple small-scale shear bands are present, 
parallel to gneissic foliation and similar to those seen in Domain I. Foliations of gneissic
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and mylonitic portions of the MMQD dip moderately to the NE, and are typically 
concordant. L2 stretching lineations of quartz plunge moderately to the NE (Figure 9A, 
B); one outcrop of gneissic MMQD displayed two lineations on the same plane, 
trending 025 and 060.
Foliations within the two slivers of Mylonite dip consistently moderately-NE 
(Figure 9C). Foliation is defined by the alignment of muscovite, biotite, chlorite, 
epidote and/or actinolite depending on the sample. While samples of highly strained 
CRU are abundant in float (e.g. Figure 10A), all collected oriented samples have 
remarkably low strain intensities (e.g. Figure 10B); clasts are neither elongate nor 
flattened as they commonly are N and NW of the study area (Dragovich, 1989; Carey,
1990). Only two moderately NE-plunging stretching lineations were noted in the 
clastic CRU (Figure 9C); mylonites are typically too fine grained to observe any 
lineations.
Attitudes of Napeequa foliation are the most variable of the three units. The 
Napeequa occupies the largest area within the domain, and provides the most data 
due to accessibility (Figure 9A). Generally foliations dip moderately to the NE, however 
moderately NW and SE-dipping planes and anomalously steeper planes are present 
(Figure 9D). Foliations are typically steeper adjacent to the Jordan Lakes pluton 
contact (Figure 8B). Stretching lineations are rare in the fine grained Napeequa but 
where present, elongate quartz grains plunge moderately to the NE.
Shear sense indicators noted in the field in Domain II show consistent top-to- 
the-south kinematics; however oriented hand samples indicate that vergence is more
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precisely top-to-the-SW. Field observations were made along N-S striking outcrop 
faces that show consistent top-to-the-south kinematics via S-C fabric and asymmetric 
folds (Figure 12A, B and C). Stretching lineations are commonly not observable in the 
field because it is not possible to view the foliation surface. Oriented hand samples 
were cut parallel to foliation in order to determine the stretch direction; these samples 
indicate that the N-S striking outcrop faces are sub-parallel to the NE-SW stretch 
direction. Samples from both the east and west side of Bug Ridge cut parallel to NE- 
plunging lineations show that vergence is top-to-the-SW.
Folding in all three units displays similar styles and variability; they are all 
centimeter-scale in amplitude and wavelength, with both similar and parallel fold 
styles (Figure 13A). Folds are most abundant in the Napeequa and the Mylonite slivers. 
Gently to moderately inclined, tight to isoclinal F2 folds of SI or SI b foliation are 
consistent throughout Domain II. Moderately plunging fold axes are spread from the 
NW through the SE quadrants (Figure 13B) and axial planes are parallel to the regional 
foliation (Figure 9) of the domain. Symmetric and asymmetric folds are present; 
asymmetric NW and SE-plunging folds are consistently top-to-the-SW, asymmetric NE- 
plunging folds show top-to-the-SE. Folding is interpreted to be related to thrusting 
and in order to determine the average slip line related to these folds a Hansen (1971) 
analysis was undertaken. The asymmetric fold axes from Domain II are all plotted on a 
stereonet and a best-fit slip plane was fit through the points; the best-fit slip plane is 
parallel to the measured S2 foliations and F2 axial planes of the domain. The slip line 
lies between the counter-clockwise and clockwise fold axes, at -030 (Figure 13C).
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Figure 12: Shear sense in gneissic 
MMQD. A) Station 7A, S-C fabric and 
plagioclase sigma augen in close up 
box showing aparent south vergence.
B) Traced sketch from the gneissic
portion of station 121, apparent
south-vergent folds of elongate quartz
grains. C) Station 7A, S-C fabric
showing apparent south vergence.
Outcrops in A, B and C face east,
stretching lineation is -030 so vergence
actually SW. D) Crossed polarized
light photomicrograph of X-Z plane of
sample 6F, SW-vergent oblique foliation
between S2 fabric.
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Napeequa found in the float. Lower two photos are from two adjacent face 
Mylonite. B) F2 fold axes and axial planes. C) Hansen (1971) analysis of asy 
fold data from Domain II; red dots snow counter-clockwise rotation, blue oc 





Domain III is characterized by shallow NW and SE-plunging stretching lineations 
(L3b), ENE to E-dipping foliation planes and folds of S2 foliation (Figure 14A). These are 
features that overprint Domain II structures within the CRU, Mylonite, gneissic MMQD 
and Napeequa, and locally shear and fold several outcrops of the Jordan Lakes pluton, 
forming both a foliation and lineation, SI p/L1 p.
Stations with moderately NE-dipping foliations and shallow NW and SE- 
plunging stretching lineations in metamorphic units are interpreted as Domain III 
features. The NE-dipping foliations are not distinguishable from those of Domain II 
they are not shown in Domain III stereoplots (Figure 14B). Moderately ENE to E- 
dipping foliations with shallow NW and SE-plunging stretching lineations in plutonic 
and metamorphic units are distinguishable from Domain II foliations and are plotted in 
Figure 14B. Shallow NW and SE-plunging L3b stretching lineations (Figure 14B) are 
normal to the down-dip NE-plunging L2 lineations of domain II (Figure 9). Rare, 
shallow to moderately NW and SE-plunging stretching lineations within outcrops of 
the Jordan Lakes pluton are parallel to sub-parallel to those in the metamorphic units 
(Figure 14B). Station 22G (Plate 1) indicates that the foliation planes containing these 
lineations are locally folded. This folding may account for the range in plunge between 
NW and SE-trending lineations; therefore all LI p and L3b are grouped together.
Shear parallel to LI p and L3b stretching lineations consistently show top-to-the- 
NNW sense in the Jordan Lakes, gneissic MMQD and Mylonite in hand sample and thin 
section (Figure 15). To ensure that shear sense marked by S-C fabric is truly parallel to 
stretching lineations a structural analysis was used. S and C planes of these samples
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Figure 14: Domain III structures. A) Map of 
Domain III displaying S3 foliation, L3b 
stretching lineation, and F2 (Jordan Lakes) 
and F3 (Napeequa) fold attitudes; inset shows 
location of map within study area. B) S3 
foliations L3b stretching lineations within 
Napeequa, Mylonite and gneissic MMQD (red 
dots). Foliations in Jordan Lakes are SI and 



































































































































































were plotted on a stereonet, and then 90° was counted along the shear plane from the 
point of intersection between the two planes. This intersection point is parallel to the 
orientation of stretching lineations in all samples indicating that S and C shear planes 
are indeed parallel to the direction of maximum stretch.
Folding of S2 foliation is prominent within the Napeequa unit in the immediate 
footwall of the thrust along the east side of Bug Ridge (Figure 8C). Shallowly plunging 
upright folds range from open to close, and are both symmetric and asymmetric; 
asymmetric F3b S-type folds consistently show NNW-vergence (Figure 8C, 16A). F3b 
fold axes plunge shallowly to the E and NE, and axial planes dip steeply to the S and SE, 
or are vertical (Figure 16A). An incipient S3 cleavage is observable at station 24C, 
parallel to the axial plane of F3b folds. At station 24D, Napeequa is an L-tectonite 
parallel to both the F3b fold axes, and is folded about a calculated E-plunging map- 
scale fold axis (Figure 8C) based on poles to S2 foliation attitudes of stations 24 A-E 
(Figure 16B). Several other folds of S2 foliation are observed that are associated with 
Domain III. F3a crenulations of S2 in the Napeequa unit are NE-plunging and parallel to 
the calculated NE-plunging F3a fold axis of the entire thrust zone (Figure 16C). Cross 
section interpretation of the Razorback thrust indicates multiple folds of the contact 
from Kindy Ridge west across Domain II and Boulder Creek (Figure 8C); this event is 
further addressed below in the interpretation. The largest visible and measurable fold 
in the study area is a well exposed 30 m long, NE-plunging reclined F3a fold of 
Napeequa (Figure 16D) that is adjacent to the Jordan Lakes-Napeequa contact at Bug 
Ridge. When viewed from the ridge above, the moderately NE-dipping axial plane 
appears to be parallel to the intrusive Jordan Lakes-Napeequa contact.
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Figure 16: Domain III folds. A) Photo of NW-vergent F3b fold, and plot of F3b axial planes 
and fold axes, stations 24 B, C, D, & E in the footwall of the Razorback thrust. B) Poles to 52 
foliation (black dots) from stations 24 B, C, D & E, cylindrical best fit through poles (red line), 
and calculated F3c fold axis (red box #3). Incipient S3 cleavage (black line) measured in the 
field representing the approximate axial plane. C) Poles to afl 52 foliation planes from the 
Razorback thrust (black dots) and the cylindrical best fit F3a fold axis (red box #3); red dots 
are axes of F3a crenulations of 52 Napeequa. D) Photo and cylindrical best fit of poles to 
limbs of a 30 m-long well-exposed F3a fold of Napeequa, station 22F. E) Poles to limbs of a 
fold (black dots) at station 22G that folds gneissic Jordan Lakes, cylindrical best fit and 
calculated F3c fold axis (red box #3). Measured fold axis (red dot) from a smaller fold of 
Jordan Lakes at station 20F; black lines are axial planes. F) Poles to 51 foliation (black dots) 
of Jordan Lakes between Razorback Mt. and Bug Ridge, cylindrical belt fit calculated F3c 
fold axis (red box #3).
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Two of the sheared and foliated outcrops of gneissic-Jordan Lakes pluton are 
folded into shallowly E-plunging upright F3c folds (Figure 16E). Poles to 51 p foliations 
of the Jordan Lakes pluton that are not folded at outcrop scale are interpreted to be 
folded about a shallowly E-plunging F3c axis (Figure 16F).
Kindy Ridge
Kindy Ridge contains gneissic MMQD that is structurally above the Napeequa 
unit and Mylonite. The Jordan and Cyclone Lakes plutons are present along the 
southern extent of the ridge with areas of localized sub-solidus foliation. The lower 
elevations of the ridge offer limited outcrop of metamorphic units; plutonic units are 
well exposed along the southern portion as they are above tree line.
Foliations are mostly parallel in all three metamorphic units with moderate N, 
NW and NE dips. Down-dip stretching lineations plunge shallowly to the N and NE 
(Figure 17 A, B). Several outcrops of gneissic MMQD display both N and NE-plunging 
stretching lineations on the same foliation plane. Stretching lineations in high-strain 
mylonitic-volcanic CRU plunge consistently N (Figure 17B). Shear sense indicators 
parallel to stretching lineations display top-to-the-south kinematics in thin section 
(Figure 18A). The geometry and structural position of units, combined with the along- 
strike relationship to Domain II of Bug Ridge suggests that these two regions are 
related. Thin section analysis within gneissic MMQD shows evidence of an earlier 
foliation (likely Sib) within microlithons (Figure 18B). Furthermore, there are F2folds 
of SI foliation in the Napeequa unit and Mylonite (Figure 18C), therefore Kindy Ridge
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Figure 17: Kindy Ridge domain. A) Map of the Kindy Ridge domain displaying foliation and 
stretching lineation attitudes; inset shows location of map in study area. B) S2 Foliations 
and L2 stretching lineations of metamorphic units. C) F2 fold axes and axial planes of 
metamorphic units. D) SI foliations of Cyclone and Jordan Lakes plutons; SW-striking 
planes are from the Jordai^ Lakes pluton, NW-striking from the Cyclone Lakes pluton.
47
B Sample 164-41OC (PP) Sample 164-41OD (PP)
S2 biotite cutting Corroded hornblende S2 biotite SI hornblende
-igure 18: MMQD and CRU samples from the Kindy Ridge domain. A)
Photomicrograph of south-vergent S-C fabric within X-Z plane of S2 gneissic MMQD.
3) Photomicrographs of gneissic MMQD showing S2 biotite cutting and overprinting
SI b hornblende. C) F2 folds of SI foliation in volcanic CRU at thin section and
outcrop-scale; note SW vergence of outcrop fold. All photomicrographs normal to
foliation.
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foliations are interpreted as 52, and lineations L2; these features are correlated with 52 
and L2 of Domain II.
5ymmetric, tight to isoclinal folds of foliation in all three metamorphic units are 
typically 4-8 cm in wavelength and amplitude; one asymmetric fold is 5W-vergent 
(Figure 18C). NW-plunging fold axes range from steep to shallow and axial planes are 
both concordant and discordant to regional foliation (Figure 17C).
A solid state foliation with low-strain intensity is present in both plutonic units 
along Kindy Ridge (Figure 17A&D); neither plutonic unit is lineated. The moderately 
NE-dipping 51 p Cyclone Lakes foliation is concordant to 52 foliation at Domain II and 
the NE-dipping foliations at Kindy Ridge. The foliation of the Jordan Lakes pluton has a 
variable relationship to the foliations of the metamorphic units along Kindy Ridge. The 
shallowly to moderately NW-dipping 51 p foliation of the Jordan Lakes pluton is 
discordant to the N and NE-dipping regional foliation of Kindy Ridge and also 
discordant to the NW-striking intrusive contact between the Napeequa and Jordan 
Lakes. The Jordan Lakes 51 p foliation is concordant to localized areas of shallowly-NW- 
dipping Napeequa (at the Jordan Lakes-Napeequa contact), Mylonite and Gneissic 
MMQD along the ridge (Figures 8A& D, 17A&D, Plate 2).
The data suggest that folds are sparser on Kindy Ridge compared to Domain II 
of Bug Ridge. This is probably the result of the limited amount of outcrop within 
metamorphic units. Limited exposure may also explain the lack of data suggesting a 
Domain Ill-style L3-lineation overprint within metamorphic units. The Jordan Lakes 
pluton is well exposed however and does not exhibit the Domain Ill-style deformation
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of folding and shearing seen at Bug Ridge. The shallowly-NW-dipping Sip foliation of 
the Jordan Lakes and localized shallowly-NW-dipping foliations in the metamorphic 
units indicates that localized post-Jordan Lakes deformation took place at Kindy Ridge; 
shearing within the Jordan Lakes is localized west of the Kindy Ridge domain.
Boulder Creek Domain
Samples and data collected by Ned Brown and Steve Fluke from the Boulder 
Creek domain of the study area have been added to supplement my data set. The 
sample localities are plotted in Appendix A and sample numbers begin with the prefix 
164. Sample locations are noted by Fluke (1992), but he did not address structural data
in his interpretation. He did not extend the Mylonite or gneissic MMQD contact 
northwest of Bug Ridge. Samples from the collection include phyllite, greenschist, 
gneiss and mylonite. Station 164-383 on the MMQD-Napeequa thrust contact contains 
phyllitic Napeequa and Mylonite indicating that the Mylonite zone is present in the 
Boulder Creek domain. Two samples of greenschist are texturally similar to volcanic 
CRD samples from the region and are interpreted as volcanic CRU and assigned to the 
Mylonite imbricate slivers. My new observations of these samples lead to the 
interpretation that gneissic MMQD and Mylonite are structurally above Napeequa and 
there is at least one thin sliver of volcanic CRU in the Boulder Creek domain.
Foliations in the Boulder Creek domain are notably steeper, and more variable 
than Kindy Ridge and Domain II. Moderate to steep NE-dipping foliations are 
concordant on either side of the contact, but slightly discordant to the contact as it is 
mapped (Figure 19A & B). Limited stretching lineations range from moderately NE-
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Figure 19; Boulder Creek domain. A) Map of the Boulder Creek domain, displaying 
foliation and stretching lineation attitudes; inset shows location of map in study area. B) 
S2 foliations and L2 stretching lineations (red dots) and L3b stretching lineations (blue 
dots).
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plunging to shallowly to moderately SE-plunging (Figure 19B). This small data set 
demonstrates a similar pattern to lineations of Domains II (NE-plunging) and III (SE and 
NW-plunging) on Bug Ridge. Foliations and down dip lineations are therefore 
interpreted as S2 and L2, equivalent to those of Kindy Ridge and Domain II. Shallowly 
SE-plunging lineations are interpreted to be L3b, and equivalent to those of Domain III.
IllabotCr Domain
lllabot Creek Rd. offers about 8 km of limited, dirty road cut exposures of 
Napeequa. This domain is the furthest from the Razorback thrust and does not share 
the structural attributes associated with domains along the thrust. Thin sections do 
not display evidence of multiple foliations therefore foliations of the region are 
interpreted as Si.
Consistent NE-dipping homoclinal foliations are typical within single outcrops 
of the region however dip direction and magnitude vary somewhat from outcrop to 
outcrop. No stretching lineations are present in the very fine grained Napeequa 
phyllite; one station of ultramafic schist has distinct down-dip actinolite mineral 
lineation (Figure 20A, B). Folding is less prevalent and a different style than in regions 
adjacent to the thrust; stations 10E and 27A&B display upright and recumbent folds 
(Figure 20C). Similar-style, shallowly NW and SE-plunging fold axes of symmetric 
upright folds have steep NE-dipping axial planes. Recumbent folds have shallowly NE- 
dipping axial planes. These folds are F2 if foliation is indeed SI.
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Figure 20: lllabot Creek domain. A) Map of the lllabot Creek domain displaying foliation 
and lineation attitudes; inset shows map location in study area. B) S2 foliations and single 




The Northern domain of the study area is immediately adjacent to the 
Dragovich (1989) study area, and SE of the Cary (1990) study area (Figure 2). The 
MMQD is the only unit studied in the domain; it is adjacent to the interpreted intrusive 
contact (Cary, 1990) with the CRU. The area was logged recently and now offers 
several obscured outcrops along ridge tops, road cuts and a quarry with excellent 
exposures of MMQD that were not exposed at the time of the Dragovich (1989) study.
The Northern domain is characterized by steep NW-SE striking foliations, 
shallow lineations and shear fabric with high-strain intensity. The well developed shear 
fabric contains shallow NW and SE-plunging LI stretching lineations of quartz. Vertical 
to steeply NE and SW-dipping SI foliation planes (Figure 21 A, B) are folded about a 
map-scale NW-trending F2 axes (Figure 21C); therefore SI shear fabric has been folded 
into its current orientation. Most of the region exhibits fairly high strain intensity, 
lineated outcrops are gneissic to mylonitic and display variable X-Z and Y-Z ratios 
(Figure 22A). These structural orientations and strain ratios are consistent with data 
reported by Dragovich (1989) and Carey (1990) along the CRU-MMQD contact NW of 
the study area (Figure 2); the relationships of data from those two studies and this 
study are further addressed below in the interpretation. Outcrops SE of the MMQD- 
CRU contact towards Domain I of Bug Ridge become scarce, but are less foliated, 
lineated and deformed; the boundary between the Northern domain and Domain I is 
not exposed (Figure 4A).
Shear sense is developed along the X-Z and Y-Z planes in the Northern domain. 
Along the X-Z planes of both SW-dipping and vertical planes shear sense is dextral (SW
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Figure 21; The Northern domain. A) Map of the Northern domain displaying foliation 
and stretching lineation attitudes; inset shows location of map in study area. B) SI 
foliations ancTLl stretching lineations of MMQD. C) Poles to SI foliation (black dots) 
and calculated F2 fold axis (red square, #3) of SI shear fabric.
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figure 22; Northern domain MMQD samples. A) Example of typical X-Z and Y-Z planes in 
land samples. B) Shear sense developed within chlorite gracle SI foliation along both 
the X-Z and Y-Z planes. C) Chlorite within dextral C' shear bands (green) that cut earlier 
dextral SI shear sense marked by red arrows. Photo of X-Z plane sliearing are from the 
bottom of the sample and therefore show dextral shear sense.
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side to the NW). Reverse, NE-vergent shear sense is comnnonly observed on the Y-Z 
plane of the same samples and outcrops throughout the domain. Ductile shear sense 
is recorded by highly sheared ribbon quartz, asymmetric augen of plagioclase, and S-C 
fabric (Figure 22B). A secondary dextral shear fabric is marked by C shear bands of 
chlorite that cuts the SI fabric of sheared quartz and plagioclase augen (Figure 22C). 
The intersection of the S and C planes indicate that shear along C planes is parallel to 
the earlier LI stretching lineations of the region. There is no evidence that the second 
shear event has a component of shear along the Y-Z plane.
Relationship of foliation development to microstructures and 
metamorphic petrography
Thin section analysis of samples from throughout the study area is utilized to 
help determine the number of deformational events. One of the key factors is to 
ascertain if a new foliation is formed via new mineral growth, or if an old foliation is 
transposed via folding into a new orientation. The relationship of deformational 
events must be viewed in context with regional metamorphism to complete the 
tectonic history. These data will be presented in sections: foliation development of the 
metamorphic units, sub-solidus deformation within plutonic units, and metamorphic 
mineralogy and its relationship to deformational and foliation-forming events.
Foliation development in metamorphic units
Determining the number of foliations within each unit is difficult, and requires 
large scale map interpretations in conjunction with thin section analysis. The goal of 
this analysis is to clarify the mechanisms of deformation and foliation development to
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SI and/or S2 foliations in each unit and/or domain of the study area. The foliation 
developed along the Razorback thrust zone shows evidence of overprinting one and 
two earlier foliations depending on the unit: Napeequa, CRU, Mylonite or gneissic 
MMQD. In order to be consistent the Razorback thrust foliation is referred to as S2 
based on the large number of samples where only one earlier foliation is present. In 
units where two foliations are overprinted, gneissic MMQD and Mylonite, the earlier 
foliations are referred to as SI a and Sib. Classification criteria of foliation 
development, cleavage spacing and associated terms are based on Passchier and 
Trouw (2005).
There are distinct differences between foliation within the MMQD from the 
different domains (Figure 23). MMQD samples from Domain I exhibit fairly consistent 
features in thin section despite the varying degrees of strain intensity and grain size 
noted in the field and in hand samples (e.g. Figure 5). Recrystallized equant grains of 
quartz and plagioclase consistently show smooth grain boundaries. In general 
foliations are defined by aligned hornblende and biotite. Parallel foliation planes are 
smooth to rough, and typically discontinuous within the sample; cleavage spacing 
(based on the number of cleavage domains per 1 mm, (Passchier and Trouw, 2005 p. 
73) ranges from 1-3 (Figure 23A). Most Domain I samples preserve evidence of two
foliations, with SI b hornblendes that have overgrown oblique SI a hornblendes 
(Figures 5C, 23A). These foliations are referred to as SI a and SI b and not SI and S2 
because they are interpreted as pre-thrust foliations and it is not certain if SI a and SI b 
represent separate events or a progressive deformation.
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Figure 23; Differences in nnetamorphic textures and foliation within the MMQD. A) Domain 
I samples. B) MMQD gneiss from Domain II and Kindy Ridge. C) Northern domain 
samples. All samples cut normal to foliation. P = plagioclase, B = biotite, Q = quartz, E = 
epidote, H = hornblende, M = muscovite, C = chlorite.

The gneissic MMQD foliation of Domain II is defined by well-developed shear 
zones with aligned biotite and/or muscovite; elongate recrystallized ribbon quartz and 
epidote are parallel to foliation and typically exhibit grain-shape preferred orientation. 
Smooth, anastomosing bands of micas that wrap plagioclase porphyroclasts are 
prevalent throughout samples, and cleavage spacing ranges from 1 to 10 depending 
on the amount of resistant plagioclase porphyroclasts (Figure 23B); samples with high 
strain intensity typically have higher cleavage spacing. Plagioclase porphyroclasts are 
typically much larger than other minerals, and have been rounded and locally 
converted to epidote. Gneissic MMQD samples in Domain II do not preserve the 
SI a/Sl b hornblende foliations of Domain I. Samples of gneissic MMQD from Kindy 
ridge locally preserve relict anhedral SI hornblende that is cut by S2 biotite; 
hornblende parallel to S2 foliation is replaced by S2 biotite (Figure 18B). At outcrop 
scale Domain I foliations are preserved between and cut by Domain II foliations in the 
transitional region between the two domains (Figure 7). These relationships suggest 
that the foliation in the flaser gneiss is S2, and SI a and SI b have been largely 
overprinted by S2 shearing.
MMQD foliation from the Northern domain is similar to that of the gneissic 
MMQD in Domain II, but has a consistently smaller grain size (Figure 23Cj. There is no 
preserved evidence in thin section to suggest that the shear fabric in the Northern 
domain overprints any earlier foliation(s); like the gneissic MMQD intense shearing 
makes the preservation of earlier foliations unlikely. Unlike the Domain l-Domain II 
transition, the Northern domain-Domain I boundary is not exposed making the 
relationship between the two domains uncertain. Shear fabric of the Northern domain
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is therefore interpreted as SI. The SI foliation is defined by aligned chlorite, epidote 
and elongate bands of quartz ribbons; quartz ribbons commonly (epidote less 
commonly) display oblique grain-shape fabric with respect to foliation (Figure 22B, C). 
Plagioclase porphyroclasts are commonly replaced by large amounts of epidote and 
locally wrapped by chlorite. Cleavage spacing is 5-15, and on average narrower than 
gneissic MMQD cleavage spacing (Figure 23C). The chlorite-rich S-C' shear bands that 
cut SI foliation (Figure 22C) are unique to the Northern domain.
The imbricate slivers of Mylonite exhibit a range of strain intensity and foliation 
development. Schistose, clastic CRU samples with sub-rounded clasts (Figure 1 OB) do 
not display multiple foliations and the predominant foliation is defined by chlorite 
and/or biotite. Schistose volcanic CRU preserves an SI hornblende foliation that is 
both cut and overprinted by chlorite (Figure IOC). On Kindy ridge, sample 1C has 
preserved bedding (SO) parallel to SI that has been isoclinally folded with limbs parallel 
to S2 (Figure 18C). Mylonitic samples range from having a continuous to nearly 
continuous smooth foliation (Figure 11B) and locally preserve older foliation(s) within 
microlithons (Figure 11C). In the latter case it is clear that S2 foliation is associated with 
new growth of chlorite and muscovite that cut SI a and Sib crenulation cleavage; 
cleavage spacing is 3-6 in areas with microlithons (Figure 11C).
Foliation within the Napeequa unit is defined by a variety of minerals including 
quartz, biotite, muscovite, chlorite, hornblende and/or epidote depending on sample 
composition and location. Smooth, parallel foliation planes are commonly folded. 
These samples show an earlier SI foliation that has been reoriented by folding; in these 
cases SI and S2 foliations are parallel along limbs, and nonparallel at hinges of folds
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(Figure 24A). Folded samples typically do not display growth of new minerals in the 
axial plane of folds (Figure 24A); however one sample does show evidence of new axial 
planar biotite growth, and biotites within the hinge are euhedral and parallel to each 
other (Figure 24B). Hornblendes are anhedral, fractured and locally replaced by 
chlorite; within the hinges of F2 folds the long axis of hornblende crystals are oriented 
parallel and perpendicular to each other, and at high and low angles to fold axes 
(Figure 24C). Non-folded samples typically have a continuous to nearly continuous 
foliation, making it difficult to determine if it is a new fabric with new mineral growth. 
One sample of non-folded, sheared Napeequa shows evidence of new muscovite 
growth within shear planes that overprints an earlier SI hornblende foliation and folds 
SI muscovite; hornblende parallel to S2 foliation is altered to chlorite and biotite 
(Figure 24D). Measured Napeequa foliations are interpreted as S2, except at lllabot 
Creek where it is interpreted as SI due to the lack of isoclinal folds parallel to foliation. 
There is preserved evidence in thin section (e.g. Figure 24B, 24D) to indicate that there 
is at least one foliation older than S2 in the Napeequa unit, but no evidence for two 
older foliations such as the SI a and SI b preserved in the MMQD of Domain I and the 
Mylonite.
Sub-solidus foliation in plutonic units
The SI p foliations within the Cyclone and Jordan Lakes plutons, and dikes within 
the Jordan Lakes pluton are defined by slightly elongate recrystallized quartz grains 
parallel to micas that wrap plagioclase grains. Samples from foliated outcrops of 
Cyclone and Jordan Lakes plutons on Kindy Ridge show equivalent amounts of sub­
solidus deformation. Quartz and plagioclase show undulose extinction, and abundant
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Figure 24: S1-S2 relationships within the Napeequa unit. A) Fold of Si with no new axial 
planar cleavage. B) Fold of Si with new biotite axial planar cleavage. C) Fold of Si, no new 
axial planar cleavage; hornblendes locally altered to chlorite, oriented parallel and normal 
to fold axis. D) Non-folded sample, sheared S2 fabric folds Si muscovite and cuts Si 
hornblende. All photos normal to foliation.

new grains of quartz crystals are present throughout samples; new growth of quartz 
grains is marked by foam texture and grain boundary migration (Figure 25).
Metamorphic petrography
Metamorphic mineral assemblages of units have been established by previous 
workers (Dragovich, 1989; Cary, 1990; Fluke, 1992; Brown et al., 1994, Tabor et al., 2002). 
Petrographic analysis of samples adds to the existing data set, but is not the primary 
focus of this study. The metamorphic emphasis of this investigation is to analyze the 
relationship of metamorphic events to specific tectonic events to answer the following 
questions; was each foliation formed under the same metamorphic conditions? Are 
deformational events associated with metamorphic events? What is the relationship of 
peak metamorphism to foliation development and deformational events? The 
concurrent study by R. Isaacson (2008) contains detailed analysis of P-T conditions 
during peak metamorphism of this study area and further south within the Wenatchee 
block.
Metamorphic assemblages of Napeequa and MMQD observed in this study are 
consistent with those reported by Fluke (1992). Assemblages in MMQD from the 
Northern domain are consistent with assemblages reported by Cary (1990) in the 
Lookout Mt area (Figure 2). Neither author collected MMQD samples from the region 
of Domain I however. The key difference between metamorphic assemblages of 
Domains I and II is the abundance of hornblende as a foliation-defining mineral in 
Domain I; hornblende is much less abundant in Domain II and mostly present within 
microlithons (Figure 18B). Domain II has a significantly greater percentage of biotite.
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Flattened quartz grains 

















lattened qliartz grain, parallel to aligned fhuscovite 
grains that define foliation
-igure 25: Photomicrographs (XP) of plutonic rocks from Kindy Ridge; sections cut normal
to SI foliation. A) Sub-solidus deformational features within Jordan Lakes pluton.
B) SuD-solidus deformational features within the Cyclone Lakes pluton.
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muscovite and chlorite than Domain I, and an abundance of epidote which is not 
present in Domain I (Figure 23A, B).
Analyses of individual samples that contain observable new mineral growth in a 
second fabric display evidence that some foliations formed at similar conditions (as 
evidenced by index minerals) and some formed at different metamorphic conditions 
depending on the foliation, domain and/or unit. North of the thrust zone the 
metamorphic index minerals are the same in each distinct event. In the case of 
Domain I, the MMQD preserves an SI a/SI b relationship that has hornblende in both 
foliations (Figures 11,23A). In the Northern domain MMQD samples preserve chlorite 
within both the SI foliation, and the later S-C shear bands (Figure 22). Samples from 
within the thrust zone suggest that the S2 thrust foliation formed at a lower grade than 
earlier foliation(s). Samples of gneissic MMQD from Kindy Ridge show that the S2 
fabric contains chlorite and biotite with SI b hornblende present in microlithons; 
anhedral hornblende that is locally parallel to S2 is heavily corroded and partially 
altered to biotite (Figure 18B). Schistose samples of volcanic CRD also preserve SI 
hornblende in microlithons, that is commonly fractured, and at an angle to S2 chlorite; 
anhedral hornblende that is parallel to S2 is typically replaced by chlorite at the edges 
of the grain (Figure 10B). Folded biotite-rich Napeequa samples contain euhedral 
biotite within hinges that suggest biotite recrystallized during folding and locally 
shows evidence of a new biotite axial planar cleavage (Figure 24B). Folded 
hornblende-rich Napeequa samples contain subhedral to anhedral hornblende grains 
that are commonly fractured and/or corroded; it is not certain if hornblende was 
recrystallized during folding (Figure 24D).
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The relationship of garnet growth to foliation development, specifically to 
Domain II foliation, offers further insight into the issue of the metamorphic grade of S2 
relative to earlier foliation(s). Garnet porphyroblasts are found within Napeequa at 
lllabot Creek, Bug Ridge and Kindy Ridge. These euhedral to anhedral garnets display a 
variety of features and different relationships to foliation; each region is discussed 
separately.
Sample 10B is the only garnet-bearing sample collected at lllabot Creek; 
multiple garnet-bearing samples from this area have been reported by previous 
workers (Fluke, 1992; Tabor et al., 2002). Porphyroblasts range from euhedral to 
anhedral, from slightly to highly fractured. No internal foliation is present within 
garnets, and the predominant foliation of the sample is cut by garnets (Figure 26A). 
Pressures and temperatures from isopleth thermobarometry of garnets from sample 
187-1 OB indicate an increase in pressure from core to rim; ~4 kbar (±0.5), 575°C (±15) at
the core and ~5.5 (±0.5) kbar, 595°C (±10) at the rim (Isaacson, 2008). See Isaacson 
(2008) for a description of the isopleth thermobarometry methods used in his analysis. 
These results are higher than P-T conditions of 3.3 kbar and 565°C, reported for the 
same area by Fluke (1992, p. 50).
Sample 187-1B is the only sample containing garnets at Kindy Ridge. Anhedral 
garnets are highly altered, appearing opaque even in plane light therefore it is not 
clear if the internal foliation is concordant to external S2 foliation. Garnets cut the 
foliation of the sample, and locally display a small amount of rotation with respect to 
foliation (Figure 26B). No new P-T data are available from this sample. P-T conditions
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Figure 26: Intertectonic garnet porphyroblasts in the Napeequa unit. A) lllabot Creek 
domain, garnets cut SI foliation. B) Kindy Ridge domain, foliation is cut by garnets at 
the side, and wraps garnet above and below. C) Domain II, internal and external 








































































reported by Fluke (1992 p. 50) are 6.4 kbar and 522°C in a nearby sample, 164-73c 
(Plate 1).
Garnets are abundant within Napeequa outcrops in Domain II, and therefore 
offer the best insight into tectonic relationships. Samples collected from the region by 
Isaacson (2008), Fluke (1992) and as part of the present study provide a large enough 
data set that confident petrographic interpretations can be made. Garnet 
porphyroblasts typically have the external S2 foliation gently wrapping above and 
below the grain, while foliation is cut along the sides of the grain (Figure 26C). Internal 
graphite foliation in garnets ranges from entirely concordant to external foliation 
(Figure 26C), to slightly rotated and discordant to external foliation (Figure 26D); some 
garnets display no internal foliation (Figure 26E). The crenulation cleavage present in 
Figure 26E merges with the S2 axial planar foliation of the sample and gently wraps 
garnet porphyroblasts. Garnet porphyroblasts relationships to hornblende are 
variable; corroded garnets have been overgrown by hornblende along garnet rims and 
contain hornblende inclusions, while other garnet rims cut hornblende (Figure 26D) 
indicating multiple phases of garnet growth. Fractures of entire garnets are nearly 
perpendicular to external and internal foliation (Figure 26E). The collective 
interpretation of these observations leads to the conclusion that garnet growth is inter- 
tectonic, post-SI and pre-S2.
The data set of pressures and temperatures in multiple garnets from five 
different samples leads Isaacson (2008) to interpret two metamorphic garnet growth 
events in Domain II (referred to as Domain A in his study). According to Isaacson (2008) 
the first event that grew garnets records a clockwise path of data points through P-T
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space with pressures ranging from 2-6 kbars and temperatures ranging from 550- 
625°C. The second event is marked by higher pressures, up to ~7.6 kbars, with 
temperatures essentially isothermal with the first event, up to 650“C. Table 5A lists the 
specific P-T values reported by Isaacson (2008) from isopleth thermobarometry. Table 
5B lists peak metamorphic conditions from single-reaction equilibria thermobarometry 
of samples collected by Fluke (1992), Brown et al., (1994) and Isaacson (2008). Isaacson 
(2008) interprets the data from garnets to represent an Ml and M2 event; because I 
interpret these garnet growth events as pre-thrust (M2,52), I will refer to them as Ml a 
and Ml b events.
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Table 5A: Peak-temperature results from isopleth thermobarometry (Isaacson, 2008).




187-1 Ob 4.7-S.8 590-605
Table 5B: Single-reaction equilibria thermobarometry results garnet rim and matrix 
mineral assemblages in the Napeequa unit.














































562 No data No data 9.6 5.3 416
(GARB) Garnet-Biotite; (GASP) Garnet-Aluminum Silicate-Plagioclase; (GMBP) Garnet-Muscovite-Biotite- 
Plagioclase; (GBPQ) Garnet-Biotite-Plagioclase-Quartz; (GHBP) Garnet-Hornblende-Plagioclase; (GAHB) 
Garnet-Hornblende.
Geochronology
One new 238y/206pb age and five new '♦^Ar/^^Ar and radiometric ages were 
obtained for this study. Description of methods used for mineral separation and 
laboratory analysis are described in Appendix B and C. Sample locations are shown on 
Figure 27 and Plate 1.
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sample 25E9-biotite sample 25D8- biotite & muscovite
Figure 27: Locations of samples used for radiometric analysis, and photomicrographs (XP),
normal to foliation, of Ar-Ar samples.
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Samples collected for ^kx/^^kx analysis were obtained from outcrops near the 
Razorback thrust in hopes of constraining the timing of at least one of the shearing 
events documented along the thrust. Domain II and III at Bug Ridge were specifically 
targeted because they provided the most data, and therefore are the best understood. 
Sample locations that are as far from the Jordan Lakes pluton as possible were targeted 
to avoid thermal effects from the intrusion; unfortunately thermal effects of the pluton 
were probably not avoided due to outcrop location.
Four samples were selected following thin analysis to ascertain that minerals 
were not formed post tectonically. Two samples of Napeequa from Domain II, and two 
samples of Gneissic MMQD from Domain III were selected (Figure 27); the four samples 
provided 5 mineral separates of biotite and muscovite.
Samples 24J and 24G2 are both from the Napeequa unit, in the footwall of the 
thrust; sample 24J provided biotite within S2 foliation, and sample 24G2 provided 
muscovite from S2 foliation (Figure 27). Preliminary thin section analysis displayed all 
syn-tectonic minerals within Sample 24G2; later thin section analysis of a different 
piece displayed multiple post-tectonic minerals after the “^oAr/^^Ar analysis was 
completed. In retrospect this sample is not very representative of the Napeequa and 
was probably a poor choice. Sample 24G2 yielded a 52.1 ±3.2 Ma muscovite cooling 
age; this sample has the largest margin of error (Appendix B). Sample 24J yielded a 
cooling age of 72.91 ± 0.51 Ma for biotite (Appendix B).
The MMQD samples are located at the southern limit of the gneissic MMQD in 
hanging wall of the thrust (Figure 27); the SE-plunging lineations and NW-vergent
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shear indicators designate them as belonging to Domain III. Sample 25D8 provided 
muscovite and biotite (Figure 27), 59.00±0.36 Ma and 60.36±0.38 Ma respectively 
(Appendix B). Sample 25E9 provided biotite (Figure 27), an age of 58.71 ±0.42 Ma 
(Appendix B); biotite from sample 25E9 defines NW-vergent S-C fabric (Figure 15A).
Prior to this study there was no 238y_206pb radiometric age from the Cyclone 
Lakes pluton. The sub-solidus foliation of the Cyclone Lakes pluton is regionally 
concordant to S2 thrust foliation making the pluton's age intriguing. A sampling 
locality near Enjar and Hamar Lakes (Figure 27, Plate 1) was chosen. The Cyclone Lakes 
pluton shows no evidence of sub-solidus deformation in this area.
Laser ablation of single zircon grains was used; one zircon from the grain mount 
was probably inherited due its anomalous age (90 Ma), and one zircon showed strong 
evidence of Pb loss. The weighted average age of the remaining grains is 81.04 ± 0.74 
Ma (Appendix C). All six new ages are listed in Table 6.
Table 6: New isotopic ages of rocks from study area, see text for c etails.
Sample
#* Unit Domain Mineral Age


















MMQD III Biotite (Tc =~300°C)** 60.36±0.38 Ma
187-CLP Cyclone Lakes Plutonic Zircon*** 81.04±0.74Ma
•Sample locations in Figure (27) and Plate (1)
••Analysis byT. Ullrich, University of British Columbia
•••Analysis by J.K. Mortensen, University of British Columbia
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Interpretation of deformational and metamorphic events
Data from the study area shows evidence of orogen-parallel (SE-NW) and 
orogen-normal (NE-SW) deformation. These deformational episodes are expressed in 
multiple phases and styles and have produced generations of micro-to-macro-scale 
folds and regions of steeply-to-moderately-dipping foliations. Evidence for as many as 
six or seven deformational events exists within the study area, however, these events 
can be divided into three phases: D1, D2 and D3. The relative timing of these 
deformational events is based on their relationship to the D2 Razorback thrust; all 
events that pre-date thrusting are termed D1, all events that post-date thrusting are 
termed D3. Interpretations are therefore separated into the following: 1) Domain I, D1 
events; 2) The Razorback thrust: Kindy Ridge, Domain II and Boulder Creek, D2 events; 
3) Domain III, D3 events; 4) The Northern domain and the related areas to the N and
NW: Domain A of Dragovich (1989) and Lookout Mt. of Cary (1990) (Figure 2), D1 and 
D2 events; 5) lllabot Creek, D1 events. Interpretations of X-Y-Z directions (where X-Y-Z 
= S1-S2-S3 of the strain ellipsoid) in each domain were made where a shortening 
direction and/or shear sense could be determined; block diagrams of each are 
illustrated in Figure 28.
Interpretation of Domain I deformational and metamorphic events
Preserved within Domain I is an isolated, upright SW-plunging fold structure 
(Figure 28) sandwiched between the much more extensive and younger Razorback 
thrust zone and Northern domain upright folds (Figure 29). To the north of Domain I 

































































































































































































29); these folds are interpreted as post-dating Domain I folds, discussed below in the 
Northern domain interpretation. The map pattern (Plate 2)and cross section 
interpretation (Figure 8B) show that the Razorback thrust cuts the SW-plunging folds 
along the southern boundary of Domain I. The distinctive nature of the SW-plunging 
fold set and its relation to the Razorback thrust lead to the interpretation that it 
represents an early folding event.
The two foliations that are commonly preserved in Domain I samples (e.g. 
Figures SB, 23A) represent two early deformational events; the first event is highly 
obscured by later events. This initial event, Dla, formed the initial SI a foliation. The 
second event, D1 b, formed the SI b foliation of the domain. Map scale FI c folding of 
SI b foliation is interpreted as the third event, D1 c, by the presence of both SI a and 
SI b foliations observed in thin sections and hand samples in the SW-dipping hinge 
and NW-dipping limbs of the fold. These three deformational events are designated as 
D1 a, D1 b and D1 c because the naming criteria for deformational events is the same as 
the criteria outlined for the naming of foliations; thus events and foliations that are 
interpreted as pre-Razorback thrust are termed D1 a, b etc. events.
Metamorphic conditions in Domain I during D1 a and D1 b are interpreted as 
similar by the presence of hornblende in both SI a and Sib foliations; it is noted that 
the broad range of amphibolite facies conditions allows for a wide range of P-T 
conditions. It is uncertain if these are separate deformational and metamorphic events 
or a progressive deformation at the metamorphic conditions where hornblende is both 
stable and the bulk chemistry allows it to form. To be consistent with the 













































































































































































































































Domain I MMQD is referred to as Mia and Ml b. The extent of these deformational and 
metamorphic event(s) and their relationship to the other domains and units will be 
addressed below following the interpretation of D2 events.
One or both of these events (Dia, Dib) produced localized LI stretching and 
mineral lineations, however shear sense is not observed in conjunction with these 
lineations. The lack of shearing or rotational features preserved in thin section and 
most outcrops suggests that neither foliation is the product of shearing; foliations are 
interpreted as recording flattening events. The shear bands that are observed within 
Domain I (Figure 5A) are highly localized and probably post-date SI b since similar 
zones are also observed in the younger domains of the study area. In general these 
local shear zones do not characterize Domain I or D1 deformations.
The formation of the map-scale FI c folds (Figures 6A & D, 8C, Plate 2) is 
interpreted as an old feature due to its unique orientation not seen elsewhere in the 
Cascade River area. The current SW-plunging orientation and isoclinal shape of the 
folds are probably the result of later events and therefore do not characterize D1 c 
kinematics. The identification of multiple foliations was made in thin section, after the 
completion of fieldwork therefore there is some uncertainty as to how pervasive the 
SI b foliation is. Consequently it is unclear what the relationship of meter-scale folds of 
Domain I (Figure 6C) are to D1 a and D1 b events or the FI c SW-plunging map scale fold. 
The similar distribution of both lineations and fold axes along a SW-NE girdle (Figure 
6B, C) suggests that they were early features associated with D1 a and/or D1 b events, 
and were since reoriented by the same event(s).
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Based on conclusions reached in this study, a more detailed mapping 
investigation of Domain I would provide extremely useful information regarding early 
deformational and metamorphic events. Future work could provide a valuable dating 
opportunity because of the abundance of hornblende. The higher closure 
temperature of hornblende than biotite or muscovite, could provide further timing 
constraints on early deformational and metamorphic events of the area. The abundant 
hornblende in Domain I is geographically between the 94 Ma K-Ar muscovite cooling 
age of Tabor et al., (2002) and the new 52-72 Ma Ar-Ar muscovite and biotite cooling 
ages reported in this study (Figure 27).
Interpretation of events related to the Razorback thrust: D2, S2 and 
M2
The structural domains Boulder Creek, Kindy Ridge and Domain II each exhibit a 
similar structural geometry and X-Y-Z direction (Figure 28) and are interpreted as D2 
events along the Razorback thrust. These domains display F2 folds and shearing that 
overprint most of evidence of D1 events. In the MMQD increased strain formed the 
gneissic MMQD and very high strain formed the Mylonite. The CRD and Mylonite were 
imbricated within the Napeequa and high strain mylonitic CRD was also formed at this 
time. The differences in dip magnitude and direction between and within the three 
domains are the result of post-thrust deformation and are addressed below in the 
Domain III interpretation.
I interpret the Razorback thrust to be a SW-vergent thrust. Vergence of 
thrusting is determined from shear sense along well-developed X-Z planes in the 
hanging wall, and recumbent fold asymmetry within the footwall. The orientation of
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the average X direction (-040) (Figure 9B, C & D) is consistent with the slip vector of 
asymmetric folds provided by the Hansen (1971) analysis (Figure 13C) and thus 
stretching lineations are interpreted as parallel to slip. The large range of F2 fold axes 
from the SE through NW quadrants (Figure 13B) is probably the result of pre-thrust SI 
or SI b foliation attitudes.
There is also evidence to suggest that two phases of thrusting have taken place, 
with non-parallel SW-vergent slip vectors. This is supported by several gneissic MMQD 
outcrops at Kindy Ridge and Bug Ridge that contain non-parallel, NE-plunging 
lineations on the same foliation plane. Additionally, two foliations preserved within 
micaceous shear bands of gneissic MMQD (Figure 23B) are indicative of more than one 
phase of shear-related mica growth. This is unlikely to be a remnant of the SI b 
foliation of Domain I because SI b metamorphic texture and mineralogy (Figure 23A) 
have been mostly overprinted (Figures 18B, 23B), and foliation of Domain I is defined 
by hornblende and biotite, but not muscovite (Figure 23A).
The S2 foliation developed during thrusting is formed through different 
processes in the hanging wall and footwall. In the hanging wall D2 thrusting formed 
the gneissic MMQD via shearing and a minimal amount of folding within the MMQD. 
New muscovite and/or biotite grew along shear planes (Figures 12D, 18B, 23B), and 
overprinted the bulk of earlier metamorphic hornblende and the metamorphic texture 
associated with Domain I. The Mylonite was intensely sheared, during which time the 
grain size was drastically reduced throughout the rock and new muscovite, biotite 
and/or chlorite grew along shear planes (Figure 11B, C). In the footwall the Mylonite 
(Figure 13A) was also folded along with volcanic CRU (Figure 18C) and the Napeequa
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unit (Figure 24) transposing SI into S2; biotite and muscovite recrystallized within 
hinges of folds and locally grew parallel to the axial plane of folds (Figure 24B). It is not 
certain if hornblendes within fold hinges (Figure 24C) have been recrystallized. 
Localized shear zones are rare in the Napeequa unit, but where observed preserve a 
folded SI foliation within microlithons (Figure 24D).
Relationships of M1 a and M1 b to M2: timing and grade
The metamorphism (M2) concurrent with S2 foliation and D2 thrusting is 
concentrated in areas of high strain, i.e. along shear planes and within folds, and does 
not appear to be a regional event. Petrographic evidence regarding the relationship of 
hornblende to S2 foliation suggests that M2 took place at lower P-T conditions than 
Ml. Hornblende in the S2 fabric of gneissic MMQD, CRU and the Napeequa unit is 
typically fractured and/or replaced by biotite and/or chlorite. Multiple samples of 
MMQD in Domain II have no hornblende within the S2 fabric or the microlithons; it is 
uncertain if this is a result of bulk chemistry or metamorphic grade. In the Napeequa 
unit samples with hornblende in SI show no definitive evidence of new hornblende 
growth in the S2 fabric. The key and unresolved issue, as mentioned above, is whether 
hornblendes were recrystallized within hinges of folds or merely reoriented? It is also 
uncertain if fractured and altered hornblendes parallel to S2 foliation were grown 
during M2 and S2, and were altered later, or reoriented into S2 and altered during S2 
and M2. Deformational mechanisms in amphiboles are still poorly understood; 
however, the current consensus is that amphiboles deform by brittle deformation 
below 650-700“C (Passchier and Trouw, 2005). Peak metamorphic conditions are 540- 
640°C depending on the analysis (Tables 4A & B), yet only a few fractured hornblendes
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are noted within the hinges or limbs of folds. Compositional analysis of hornblendes 
within Sla, SI b and S2 in the gneissic MMQD, and in SI and S2 within the CRU and 
Napeequa unit using an SEM and/or microprobe could provide the necessary data to 
confidently determine a conclusion. This analysis could be performed with the 
samples already in the WWU collection from the Fluke (1992), Isaacson (2008) and/or 
Griesel (2008) collections. Without a more thorough analysis this question remains 
unresolved.
The relationship of inter-tectonic garnet porphyroblasts to S2 foliation does 
offer more conclusive petrographic evidence that metamorphic temperatures were 
lower during D2 thrusting than D1 events. Garnet porphyroblasts found abundantly in 
the Napeequa unit in Domain II are interpreted as inter-tectonic based on their 
petrographic relationship with SI and S2 foliations, i.e. post-Sl and pre-S2 (Figure 25 C, 
D and E). Pressure and temperature data reported by Isaacson (2008) indicate two 
metamorphic garnet-growth events, with higher pressures recorded in the second 
event. Garnets therefore record two loading events that pre-date D2 thrusting; 
unfortunately little, if any microstructural evidence of these events is preserved 
elsewhere in samples. With an unknown portion of the tectonic history missing due to 
overprint, a confident assessment of all events is difficult. I therefore tentatively 
interpret that Mia garnet growth began late-syn-SI; further loading caused the onset 
of Ml b garnet growth at higher pressures. Ml b garnet growth outlasted the growth of 
the SI foliation preserved in the hinges of the F2 isoclinal folds, as evidenced by garnet 
porphyroblasts relationship to foliation (Figure 26 C, D and E). Following the Ml b 
garnet growth, D2 thrusting formed the S2 foliation that wraps the garnets.
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Hornblende and garnet that formed during Ml b are interpreted as recording peak 
metamorphism within the Napeequa unit prior to D2 thrusting.
The timing of peak metamorphism across the Wenatchee block is variable from 
north to south. Unfortunately age data from the northern Wenatchee block is out­
dated and sparse compared the central Wenatchee block. Peak metamorphism in the 
central Wenatchee block has recently been tightly constrained at 88-86 Ma by Sm-Nd 
ages of garnets within the Chiwaukum schist in the Mt Stuart area (Stowell et al., 2007). 
Sm-Nd ages of garnets in the nearby Nason Ridge migmatite, within the Chiwaukum 
schist, yield ages of 90-91 Ma (Bulman et al., 2007). In the lower grade northern region 
of the block, the onset of metamorphism is >96 Ma. This constraint is based on the 96 
Ma Sulphur Mt. pluton, located just south of Figure 3, which intruded into foliated 
country rock (Walker and Brown, 1991) and a 95 Ma U-Pb zircon age in the Napeequa 
migmatite SE of the study area (Brown et al., 1994). The 94 (±2.5) Ma K-Ar muscovite 
cooling age in the MMQD immediately north of the study area (Tabor et al., 2002) 
(Figure 3) provides the only younger limit of peak metamorphism. The large error and 
the lack of known peak metamorphic temperature associated with the 94 Ma age limits 
its utility; however, it is the only age that is available near the study area. The 92 Ma 
Chaval pluton, SW of lllabot Creek (Figure 3), also intrudes foliated country rock, and is 
considered post-metamorphic by Walker and Brown (1991) (Figure 3). Tabor et al., 
(2002) notes evidence of recrystallization on the margins of the Chaval pluton, while 
Bittenbender (1991) interprets the foliation around the pluton margin to be magmatic. 
Considering all of these data, peak metamorphism of the northern Wenatchee block 
and study area ranges from >96 to >92 Ma; for simplicity peak metamorphism will be
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referred to as >92 Ma but the reader is reminded of the at least 4 million year 
uncertainty associated with this constraint.
The current state of limited geochronology allows the possibility that the onset 
of peak metamorphism was fairly synchronous throughout the northern Wenatchee 
block. Considering this, it is possible that the Mia and Ml b events preserved within 
the Napeequa unit are coeval with Mia and Ml b events recorded in the MMQD of 
Domain I. The two units had not yet been juxtaposed to each other by D2 thrusting 
during the specific Mia and Ml b events of each unit. Without absolute ages on any 
Ml events in either unit, the only tool available to address the problem is the estimated 
amount of offset along the thrust. Knowing the amount of offset along the thrust will 
at least provide information regarding the geographical relationship of the Napeequa 
unit and MMQD prior to their thrust Juxtaposition; this issue will be addressed below in 
the structural geometry section.
Mineral isograds of the region reported by Fluke (1992) and Brown (1994) 
between Bug Ridge and Kindy are interpreted to cut the Razorback thrust. Limited 
exposure of outcrops between and on the two ridges makes the construction of 
accurate isograds difficult. Furthermore, differences in bulk composition of the MMQD 
and Napeequa unit may control the lack of, or presence of index minerals. Therefore, 
the mineral isograd interpretation of Fluke (1992) is not accepted in my interpretation. 
Detailed analysis of samples in the present study indicates the development of at least 
three metamorphic events in the MMQD and the Napeequa unit; only two 
metamorphic events within the CRU are recognized. The recognition of multiple 
metamorphic events requires a re-evaluation of mineral isograds with these findings in
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mind. The construction of mineral isograds is not the focus of this study; however, I 
suggest that Mia and Ml b mineral isograds are cut by the Razorback thrust and M2 
isograds are parallel to the thrust contact. This hypothesis is based on the similar SW- 
vergence developed within S2 fabric in the hanging wall and footwall of the thrust 
zone.
Structural geometry implications and timing constraints of the Razorback 
Thrust
The identification of two imbricate slivers of CRU and Mylonite at Bug Ridge, 
Kindy Ridge and Boulder Creek indicate that the Razorback thrust is actually an 
imbricate fault zone that varies in thickness (150 to 600? m) along strike. The two 
slivers of Mylonite were imbricated with the Napeequa during thrusting. I argue that 
shearing and resulting strain was concentrated along the southern margin of the 
MMQD forming the Mylonite and gneissic MMQD, and thrusting the Napeequa 
beneath the CRU and MMQD. This moves the Tabor et al., (2002) mapped location of 
thrust to south by 200-300 meters, and as much as 1 km to the south if the southern 
outcrop of volcanic CRU at Kindy Ridge (Figure 17A) is indeed volcanic CRU. The 
contact of Mylonite is difficult to follow and therefore was not mapped in detail in this 
study. To reconcile this I propose the original location of the thrust remain as shown 
on Tabor et al., (2002) and note that the contact is an imbricate zone of approximately 
~150-200 meters thick, and possibly as thick as 600 meters (Figures 8B & D).
The estimated amount of offset along the thrust ranges from 1.25-6 km, 
depending on the methods used and the interpretation of crustal-scale geometry. 
Restoring the CRU in the footwall back to the CRU along the NE margin of the MMQD
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yields approximately 4-6 km of minimum offset (Figure 29). The variation is based on 
which part of the NE CRU section the footwall restores back to, and how far south the 
Mylonite slivers extend in the footwall. The 4-6 km estimate also assumes that the CRU 
in the footwall was emplaced by thrusting, and was originally part of the CRU along the 
NE MMQD margin. The possibility of the southern CRU-MMQD contact being initially 
intrusive, like the CRU-MMQD contact on the NE margin must also be considered. If 
the contact was initially intrusive, then the CRU does not restore back the NE margin of 
the MMQD; the reasoning behind this issue is further addressed below in the 
discussion. To estimate the amount of slip along the thrust if the contact was initially 
intrusive, a structural analysis is used to estimate the orientation of the finite strain 
ellipse within the thrust zone. The angle between S and C planes, 0', was measured in 
all samples of gneissic MMQD with S-C fabric; the lowest measured value was 20°, 
sample 2C (Figure 18A). This angle is used to calculate the amount of shear strain, y 
(Ramsey and Huber, 1983 Fig 3.13). The equation yf = slip amount, where y = 2.5, t = 
500 meters (thickness of shear zone). The amount of slip is 1.25 km by this method, a 
maximum estimate considering the smallest 0' value was used. The thickness of the 
shear zone was calculated from cross section A-A' (Figure 8B) by measuring the 
thickness perpendicular to foliation from the lower Mylonite sliver to the schistose CRU 
inclusion at station 12G (Figure 7). This estimate assumes homogenous 2D strain 
across the shear zone, i.e. y is constant, that there this is no change in volume, and 
there is no component of pure shear. Regardless of how it got there, the proximity of 
the CRU along the southern margin of the MMQD is not compatible with the
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interpretation that the original Napeequa-MMQD contact was intrusive as speculated 
by some early workers (Tabor et al., 1987)
The low strain Sip foliation within the northern margin of the Cyclone Lakes 
pluton is concordant with the S2 foliation developed by the Razorback thrust (Figures 
8D, 17A & Plate 2). This relationship may indicate that the SI p foliation is thrust related, 
and therefore provide a lower age limit on thrusting. The relatively low strain and lack 
of stretching lineation developed within the Cyclone Lakes pluton requires that 
thrusting be in its last stages by 81 Ma, or that the pluton was resistant to thrusting. 
Thrusting post-dates peak metamorphism, as evidenced by the intertectonic garnets 
within the Napeequa unit in the footwall of the thrust. The Cyclone Lakes age provides 
a tentative lower age limit of thrusting, therefore thrusting is interpreted to have taken 
place post-peak metamorphism (>92 Ma) and be in its last stages following Cyclone 
Lakes crystallization at 81 Ma.
The large differences in dip magnitude (25-80 degrees) and moderate 
differences in dip direction of the S2 thrust foliation at Boulder Creek, Kindy Ridge and 
Domain II (Figure 28) are attributed to post-thrust folding and intrusion of the Jordan 
Lakes pluton (Figure 8B, C, D, E). This folding may partially account for the trend of 
stretching lineations ranging from 000 to 085 in outcrops throughout the thrust zone. 
These events and others that affect thrust geometry are attributed to Domain III
deformation.
Structural and tectonic evolution of Domain III
Post-thrust deformation is interpreted to have begun with the intrusion of the 
Jordan Lakes pluton which locally reoriented S2 foliations and was followed by orogen- 
parallel deformation. A series of events produced a sequence of specific fold and 
shear-related features within Domain III. The sequence of events is interpreted as D3a, 
D3b and D3c because it is uncertain if they represent distinct, separate events, or 
progressive deformation accompanied by rotation of shortening direction, ora block 
rotation of rocks.
The intrusion of the Jordan Lakes pluton took place during a lull in tectonic 
activity as evidenced by its lack of foliation. The Jordan Lakes is interpreted to have 
locally steepened the S2 thrust foliation because dips along the southern portion of 
the Bug Ridge region increase from 35° to 45-50° adjacent to the contact (Figure 8B). 
The intrusion of the Jordan Lakes pluton provides a reasonable explanation of the 50° 
dip of the thrust at the north peak of Razorback Mt as it is immediately adjacent to the 
pluton (Figure BE). The map pattern indicates the intrusion may have distorted thrust 
foliation around its margin between Bug Ridge and Razorback Mt. (Figure 4A, Plate 2). 
Unfortunately there are no attitudes in this area to test this hypothesis; the area was 
not visited by Fluke (1992) or me due to accessibility issues and dense forest but 
probably does offer limited outcrop(s) to the hearty bushwhacking geologist that 
could confirm or dispute the hypothesis. Intrusion does not account for the 
anomalously steep 60-80° dips at Boulder Creek (Figures 8A & F, 19A & B, 28) where the 
thrust is the furthest from the Jordan Lakes contact (Figure 4A, Plate 2). To reconcile
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this I interpret that following intrusion, a sequence of folding and shearing events 
further modified thrust features.
A cross section constructed parallel to the thrust indicates it has been 
reoriented on a macro-scale (Figure 8C) by either faulting or folding. Tabor et al.,
(2002) mapped a brittle-fault through the gneissic MMQD at the north end of Kindy 
Ridge that cuts the thrust (Figures 17A, Plate 2); I observed and attributed large 
variations in dip magnitude in the gneissic MMQD at Kindy Ridge to be the result of 
that fault (Figure 17A). This is the only region where brittle-fault offset is observed; 
however, folding of S2 fabric is observed throughout Domain III therefore I interpret 
the reorientation of the thrust to be the result of folding. Outcrop-scale folds of the 
thrust contact were not observed in the field although meter-to-centimeter-scale folds 
of 52 in the Napeequa unit were observed; orientation of folding along the contact is 
interpreted to be moderately NE-plunging from the cylindrical best fit of poles to all 52 
thrust foliation (Figure 16C) and their locations are based on the map pattern and 
corresponding cross section interpretation. The map pattern of the contact indicates 
that folding must also be low amplitude. Attitudes in the Boulder Creek region 
indicate an asymmetric fold of the contact with local 5E-vergence (Figure 8C). Folds 5E 
of Boulder Creek towards Razorback Peak and Bug Ridge are also highly interpretive 
and need further field testing. The crenulations of 52 Napeequa foliation (Figure 16C) 
and other NE-plunging meter-scale folds (Figure 16D, Plate 2) at Bug Ridge require the 
same NW-5E shortening and are interpreted as coeval with map-scale folding. The NE- 
plunging fold features are interpreted as F3a, the result of D3a.
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Following F3a shortening, deformation changed orientation to NNW-SSE and 
produced non-coaxial, top-to-the-NW, sinistral shear. During this time shear formed 
L3b NW and SE-plunging stretching lineations within the gneissic MMQD and Mylonite 
that locally overprint the NE-plunging L2 lineations of the Razorback thrust. Overprint 
evidence includes: 1) lineations are sub-parallel to those in the adjacent Jordan Lakes 
pluton, which crosscuts S2 thrust foliation. 2) Sinistral shear fabric parallel to NW and 
SE-plunging lineations cuts the metamorphic mineral assemblage developed in the 
Mylonite (Fluke, 1992). 3) Ar-Ar geochronology of biotite and muscovite in NW and SE- 
plunging lineated rocks yielded dates of 58-60 Ma while biotite within S2 foliation with 
no evidence of overprint yielded a date of 72 Ma (Appendix B). 4) The asymmetric, 
upright, shallow ENE-plunging F3b folds of S2 Napeequa (Figure 16A) also indicate a 
NNW-vergence parallel to L3b and Lip stretching lineations. Sinistral shearing parallel 
to L3b and LI p is concentrated within the gneissic MMQD, Mylonite slivers and Jordan 
Lakes pluton, while folding is concentrated in the Napeequa unit. These NNW-vergent 
features are interpreted as D3b; they are separated from D3a features because D3a 
crenulations and folds indicate a slightly different direction (NW-SE) of shortening.
The final event, D3c, forms F3c folds that locally fold L3b lineations. These folds 
include the E-plunging upright folds of the Jordan Lakes foliation (Sip) and S2 
Napeequa (Figure 16A, B, E, &F). The N-S shortening indicated by F3c folds post-date 
L3b lineations; this is evidenced at station 22G (Plate 1) in the Jordan Lakes pluton. 
Both limbs of the fold display nearly down-dip lineations; normal-sense on the south­
facing limb (Figure 15C) yields top-the-NNW shear when unfolded.
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Collectively Domain III structures record deformation progressing from NW-SE 
shortening, to NNW vergent non-coaxial shear, to N-S shortening. This may indicate 
that D3a, D3b and D3c record a clockwise rotation of shortening direction or a counter­
clockwise rotation of the rock. The onset of this process, D3a, most likely began after 
74 Ma, when the Jordan Lakes pluton intruded (Walker and Brown, 1991). D3b is 
interpreted to have finished by 58-60 Ma from the Ar-Ar mica cooling ages within the 
D3b shear zone (Appendix B). The D3b shear zone ages are consistent with K-Ar mica 
cooling ages from 58-61 Ma in the Jordan Lakes pluton, and therefore may simply 
reflect regional cooling in the area (Figure 3). The 72 Ma biotite age at station 24J 
(Appendix VII) lends evidence to the contrary however. The samples dated at 58, 59,60 
and 72 Ma are a similar distance from the pluton (0.6 km) and only 0.5 km from each 
other (Figure 28). Consequently the younger ages within the D3b shear zone are 
tentatively interpreted to reflect an age of shearing, while the older age is interpreted 
to reflect regional cooling following the Jordan Lakes intrusion. If the 58-60 Ma ages 
with D3b shear fabric in fact record regional cooling, then D3b is constrained between 
74 Ma and 58 Ma. D3c took place after D3b, as evidenced by the folding of D3b shear 
features, however the exact timing is uncertain.
There is one other deformation that post-dates the Jordan Lakes intrusion. The 
sub-solidus deformation of the Jordan Lakes pluton at Kindy Ridge must be coeval with 
D3 events at some point. The moderately NW-dipping foliation developed in the 
Jordan Lakes pluton at Kindy Ridge is difficult to interpret due to the lack of any 
stretching lineations or shear fabric. Furthermore the NW-dipping Jordan Lakes SI p 
foliation is discordant to the pervasive regional foliation; it is locally concordant to
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foliation in a few outcrops on Kindy Ridge (Figure 17k, 8C). This foliation is also 
discordant to the NW-striking intrusive contact at Kindy Ridge (Figure 17k) therefore it 
is not the result of pluton emplacement. The Sip foliation is therefore interpreted as 
recording the NW-SE shortening that folded the Razorback thrust.
Interpretation of fold and shear features in the Northern Domain
The limited data from the Northern domain indicates the region is folded about 
shallowly-plunging NW-trending axes (Figure 21C). Two phases of shear are also 
evident across the domain: a highly-ductile SI shear fabric with shear sense recorded 
on both X-Z and Y-Z planes (Figures 22,28) and a secondary chlorite-grade dextral S-C 
shear fabric parallel to the LI stretching lineations on the X-Z plane. These data do not 
provide enough information to adequately assess the regional significance of the 
upright NW-trending folds, or if folding or shearing took place first. The structural 
geometry of the Northern domain continues along the CRU-MMQD contact toward 
Lookout Mt. (Figure 2). I constructed three SW-NE cross sections (Figures 88, E and F) 
that connect data from this study to the Dragovich (1989) and Cary (1990) study areas 
(Figure 2). Similarities in samples and thin sections collected myself, Cary (1990) and 
Dragovich (1989) indicate that the S2 shear fabric reported by Dragovich (1989) is the 
same feature as the S-C' shear bands I observed in MMQD samples I collected from the 
Northern domain (Figures 22C, 23C) and in samples collected by Cary(1990).
Dragovich (1989) reports that the S2 S-C' fabric cuts an SI flattening fabric, whereas it 
cuts an SI shear fabric in my samples and Cary's (1990) samples. The difference in SI
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fabric is explained by strain partitioning along the intrusive MMQD-CRU contact; this 
subject is revisited below in the discussion.
Cross section G-G' (Figure 8F) spans the area from the Boulder Creek domain, 
across the Cascade River and up Lookout Mt (Figure 8A). All data from Lookout Mt are 
from the Cary (1990) thesis, the cross section (structural) interpretation was 
constructed for my study. The proposed folds, indicated by foliation attitudes in Cary's 
thesis (Appendix C), are traceable to the NW and SE of the cross section line on Cary's 
map, and along strike to the Northern domain where my study area and the Dragovich 
(1989) study area intersect (Figure 2). The combined data set provides an extended 
view of the fold geometry hinted at by my new data from the Northern domain. Fold 
amplitudes are assumed to be low due the lack of repetition of mapped units and 
asymmetric from the spacing between antiforms and synforms recognized from the 
map of Cary (1990) (Appendix A). This asymmetric pattern of folding is noted in cross 
section by Dragovich (1989) and is also illustrated in cross sections B-B' and F-F' (Figure 
8B, E). The NE-vergent asymmetry suggests that the area from the Northern domain to 
Lookout Mt. is the SW limb of a large antiform; the MMQD is structurally above the 
inverted CRU stratigraphy along this limb (Figure 8A, E, F) and the fold is therefore 
overturned. The Northern domain is part of the same structural system as these 
adjacent areas, therefore for the remainder of the thesis the term "Northern domain" 
will encompass the entire NE CRU-MMQD contact from the NE corner of the study area 
through the western portion of Dragovich (1989) to Lookout Mt (Cary, 1990) (Figure 
30).
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Figure 30: A) Expanded Northern domain including Domain A of Dragovich 
(1989), Domain A of Carey (1990) and the original Northern domain of Figure 21. 
Inset map from Figures 2 and 3 is shown for reference on the left. Unit colors 
are the same as Figures 2 and 3.
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Hand samples and thin sections of MMQD and CRU from the Dragovich (1989) 
and Cary (1990) collections show that high-strain mylonite continues parallel to the 
CRU-MMQD contact all the way to Lookout Mt. Evidence of SI shearing, that is cut by 
S-C' shear is also consistent along the contact. Cary (1990) reported nine samples with
shear sense indicators parallel to shallowly NW and SE-plunging LI stretching 
lineations along the CRU-MMQD contact in his study area, with 8 dextral and 1 sinistral 
on both SW and NE-dipping planes. Re-examination of eight of his nine (one not 
located) oriented hand samples and thin sections revealed a surprising result; he i
I
apparently forgot to note whether the data came from the top or bottom side of the X- 
Z plane of some samples. If all samples are viewed consistently, and shear sense is 
noted while looking down dip of each sample, the shear sense is 4 dextral and 4 
sinistral. It should be noted that my study finds no discrepancy in the interpretation of 
Cary's (1990) shear sense features, merely the inconsistent orientation from which 
these indicators were viewed.
Examination of all the hand samples with shear sense from this study and the 
Cary (1990) study demonstrate that dextral and sinistral shearing is prevalent on the X- 
Z planes in samples collected north of the Cascade River (Figure 31 A); samples 
collected south of the Cascade River all show dextral shear sense (Figure 31B). On the 
Y-Z plane of samples with lineation-parallel shear sense, reverse-sense is noted on SW- 
dipping samples and normal-shear sense is evident on NE-dipping samples (Table 6) |
(Figure 31C). These data allow a critical test to determine the relative age of SI 
shearing to upright folding; shear sense along Y-Z planes shows consistent SW-side-up 
via reverse-sense on SW-dipping planes and SW-side-up via normal-sense on NE- *
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Figure 31: Block diagrams illustrating the interpretations of the variable shear sense 
developed within the expanded Northern domain (see Figure 30). A) Dextral and sinistral 
extrusion perpendicular to NE-vergent shortening from the Cary (1990) study area. B) 
NW-dextral shearing and NE-vergent shortening in a transpressional shear zone in the 
original Northern domain of Figure 21. C) Shear fabric is folded into F2 upright 
NW-trending folds by.
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dipping planes (Figure 31C). Furthermore the development of both dextral and 
sinistral shearing parallel to stretching lineations is real and not the result of later 
folding; SW-dipping planes contain both dextral and sinistral shear sense as do NE- 
dipping planes (Table 7) (Figure 31C). Thus shearing was developed prior to the 
development of the upright NW-trending folds and was consistently NE-vergent in the 
Y-Z plane and both dextral and sinistral in X-Z plane.
Table 7: Summary of SI shear sense indicators.
Sample# Dip Direction X-Z shear sense# Y-Z shear sense
118-5B* SW LL Reverse, SW up
118-7D* sw RL None
118-8C1* NE LL Normal, SW up
118-31D* sw LL Reverse, SW up
118-36C* sw LL Reverse, SW up
118-32B* NE RL Normal, SW up
118-36M* sw RL None
118-32D* sw RL None
187-9C** SW RL Reverse, SW up
187-9D** VERTICAL RL SW up
187-28E2** SW RL Reverse, SW up
187-30A*** NE LL None
187-30A2*** NE RL None
# RR = right lateral/dextral shear, LL = left lateral/sinistral shear 
*Cary (1990) samples.
** Samples collected for this study.
*** Samples collected for this study within the Cary (1990) study area, north of Cascade River.
The development of shear sense along the X-Z and Y-Z planes indicates 
components of orogen-parallel and orogen-normal deformation. Shear sense along 
the Y-Z plane is interpreted as NE-vergent. Shear sense along the X-Z plane is variable; 
shear sense within Domain A of Cary (1990) displays both dextral-sense and sinistral- 
sense, while samples collected south of the Cary (1990) study area display consistent 
dextral-sense (Table 6) (Figure 31 A, B). The consistent dextral shear sense noted on 
samples south of the Cascade River area are interpreted as a transpressional shear zone
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with dextral shear along the X-Z plane (orogen-parallel) and reverse shear along the Y- 
Z plane (orogen-normal).
Transpression does not account for the variable the shear-sense (dextral and 
sinistral) along the X-Z plane in samples north of the Cascade River. To account for this 
variability I propose that shearing along the X-Z plane is the result of conjugate shear 
bands that accommodate extrusion perpendicular to the more dominant NE-SW 
shortening component (Figure 31 A). The difference between the two zones (north and 
south of the Cascade River) suggests a variability of strike-slip versus shortening 
partitioning throughout the Northern domain. These conjugate shear bands have 
since been flattened into a more parallel orientation by continued NE-SW shortening 
during the later NW-trending upright folding event.
Interpretation of the lllabot Creek Domain
lllabot Creek is the least understood portion of the study due its small amount 
of data, and lack of attributes in seen elsewhere the field area such as shear sense and 
isoclinal folding. The most useful information that it offers is a limit of deformational 
features associated with the thrust; isoclinal F2 folds do not extend as far south as 
lllabot Creek. Tabor et al., (2002) show a NW-plunging upright antiform in the region 
(Appendix A); the antiform and foliation attitudes indicate a NE-SW shortening
direction.
Summary of deformational and metamorphic events
Figure 32 summarizes the extent and timing of deformational and metamorphic 
events in Domains I and III, the Razorback thrust zone, the Northern domain and lllabot 
Creek. Absolute ages are expressed at the top of the table where known; relative and 
absolute ages decrease to the right. The regional significance of these will be 
discussed below.
Discussion
The Northern domain. Domain I and the Razorback thrust each exhibit distinct 
deformational and/or metamorphic features. Domain I preserves old events and peak 
metamorphism. The Razorback thrust records SW-vergent thrusting that post-dates 
peak metamorphism. The Northern domain exhibits transpressional shearing with 
orogen-normal and orogen-parallel components. The Razorback thrust has been 
locally overprinted by Domain III structures (Figure 4B, 14) at outcrop-scale (Figure 15) 
and folded at map-scale (Figures 8C, 16C). The SI shear fabric in the Northern domain 
has been folded into NW-trending upright folds (Figures 8E & F, 21C). A schematic 3D 
representation of the simplified structural geometry and spatial relationships of these 
domains is presented in Figure 33. To further understand the complex tectonic history 
of the study area, and the greater Cascade River region the temporal relationship of 
each domain must also be addressed. The metamorphic differences and crosscutting 
structural relationship between the Razorback thrust and Domain I have already been 
addressed. The relationships of the Northern domain to Domain I, and the Northern 
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I
Folding of thrust, 
Domain III
Figure 33: Schematic representing the structural geometry of the expanded study 
area from the Razorback thrust to Lookout Mt. Fold amplitudes and wavelengths, 
and relative sizes of domains are not to scale and generalized. The Entiat fault is 
not shown, and the structural relationship of the CRU at depth between the 
Razorback thrust and Northern domain is not addressed. The anitform above and 
beyond Lookout Mt. is uncertain but is suggested by the fold asymmetry of the 
region.
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these relationships are less certain than the Domain l-Razorback thrust relationship 
due to the lack of outcrop between them.
In order to address the relationships between the Razorback thrust, Domain I 
and the Northern domain, the following questions will be addressed. What is the 
relationship of early deformational features and peak metamorphism in Domain I to 
the Northern domain? What is the relationship of the two very different shear zones in 
the study area (Razorback thrust and Northern domain) and how do they relate to 
tectonic events and crustal-scale geometry?
Answering the questions posed above will allow a greater understanding of the 
entire Cascade River area. The new understanding of deformational processes and 
structures does not solve all of the complex problems that have been debated in the 
region but can offer further insight into the issues concerning large scale structures, 
crustal loading and shearing. Finally, furthering the understanding of Cascade River 
geology in conjunction with the new knowledge, data and ideas from other regions of 
the crystalline core offers some resolution to the ongoing debates regarding orogenic 
processes in the crystalline core.
Relationship of Domain I to the Northern domain
The location and nature of the transition from Domain I to the Northern domain 
is unknown, but must take place south of the intensely sheared CRU-MMQD contact 
within the Northern domain (Figure 29). An assessment of the regional extent of the 
SI a and SI b foliations and associated peak metamorphism of Domain I must be made. 
Both SI a and SI b are interpreted as extending at least as far as the southern margin of
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the MMQD by the presence of three foliations within sample 7B in the Mylonite (Figure 
11C) and relict SI b hornblende at Kindy Ridge (Figure 18B). Samples collected by 
myself and Cary (1990) along the MMQD-CRU contact throughout the Northern 
domain (Figure 30) are interpreted as SI shear fabric (Figure 23C) that formed during 
peak metamorphism, at upper greenschist facies (Carey, 1990). Dragovich (1989) 
reports an SI flattening fabric that is associated with peak Ml metamorphism, at upper 
greenschist facies, in Domain A of his study area (Figure 30). The textural similarities of 
the SI flattening fabric reported by Dragovich (1989) and the SI b flattening fabric of 
Domain I, combined with their affiliation with peak metamorphism suggests the two 
domains were deformed coevally by similar mechanisms. The key difference between 
Domain I of this study and Domain A of the Dragovich (1989) study is the preservation 
of two early flattening foliations in Domain I, Sla and Sib. The lack of two flattening 
fabrics in the CRU of the Northern domain may be the result of rheologic differences 
between the CRU and MMQD resulting in Sla being overprinted in the CRU. Therefore 
I interpret the SI b foliation of Domain I to correlate with the SI foliation of Dragovich 
(1989), and Ml b of Domain I is correlated to his Ml.
The SI shear fabric along the MMQD-CRU contact in the Northern domain is an 
anomalous feature amongst the unsheared SI flattening fabrics of Domain I and 
Domain A of Dragovich (1989). Despite the differences in texture both the flattening 
and shear fabrics were formed during peak metamorphic conditions, upper 
greenschist facies in the Northern domain (Dragovich 1989; Carey 1990) (Figure 23C) 
and lower amphibolite in Domain I (Figure 23A). The SI shear fabric along the CRU- 
MMQD contact is therefore interpreted as a narrow zone, approximately 1-2 km wide.
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of concentrated shearing with components of orogen-parallel and orogen-normal 
shear that formed coevally with the SI flattening fabrics. Workers in transpressional 
regimes have documented that the distribution of simple shearing across high strain 
transpressional shear zones is much more localized than the pure shear component 
(Tikoff and Teyssier, 1994; Tikoff and Greene, 1997; Lin et al., 1998; Williams et al.,
2006). In this case the intrusive CRU-MMQD contact and the contrasting rheologies 
between the two units provided a favorable zone for the concentration of simple 
shear. A much broader zone of flattening fabric that is indicative of pure shear is 
prevalent NE and SW of the CRU-MMQD contact. SI shearing along the CRU-MMQD 
contact and SI flattening fabrics in Domain I and Domain A of Dragovich (1989) are 
interpreted as D1 events (Figure 32). This interpretation provides an explanation for 
differences in the nature of the SI foliations.
D2: the relationship of the Razorback thrust and Northern domain
The relationship of the Northern domain to the Razorback thrust helps constrain 
the timing of events and has broad implications regarding the map-scale structure of 
the CRU. Three key questions arise pertaining to the timing of deformational events in 
the region and the geometry of the CRU. 1) What is the relative timing of 
deformational events in the Northern domain with respect to the Razorback thrust? 2) 
Is there a component of orogen-parallel deformation during D2 in the Northern 
Domain? 3) How does the CRU at the NE margin of the MMQD relate to the CRU slivers 
within the Razorback thrust zone?
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The relative timing of Northern domain shearing to the Razorback thrust
The only relative timing constraint between the Razorback thrust zone and the 
Northern domain is the relationship between deformational events and peak 
metamorphism. In the Razorback thrust zone, S2 foliation is interpreted as post-peak 
metamorphism. In the Northern domain F2 folding is interpreted as post-peak 
metamorphism. A sub-horizontal NE-SW shortening direction is required to form the 
F2 folds in the Northern domain and the SW-vergent Razorback thrust. These two 
events are indicative of orogen-normal contraction, and overprint earlier phases of 
deformation. Therefore both events, thrusting and upright folding, are referred to as 
D2 events (Figure 32), however their timing relative to each other remains unresolved.
The relationship of dextral S-C shearing in the Northern domain to D2 
events
The unresolved question regarding D2 events is constraining the timing of the 
dextral S-C shear fabric that cuts SI (Figure 22C, 23C) in the Northern domain. S-C 
shear sense is dextral in all samples of MMQD collected for this study and Dragovich 
(1989) reported 17:1 dextrahsinistral from his Domain A (Figure 30). S-C' shearing is 
therefore interpreted to have developed after upright folding by myself and Dragovich 
(1989). These observations do not require that shearing began after D2, merely after 
the upright asymmetric folds were developed. Post-D2 orogen-parallel folding and 
shearing within Domain III (Figures 15 and 16) is consistently sinistral, therefore not 
likely coeval with dextral shearing in the Northern domain. There is currently no 
accurate assessment of the relative age of Northern domain S-C' shearing beyond post- 
F2 folding.
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Crustal-scale geometry of the CRU
The relationship of the CRU, northeast and southwest of the MMQD, has broad 
implications regarding the amount of offset along the Razorback thrust, and the map- 
scale structural geometry of the CRU. I propose three tectonic models to explain the 
pre and post-D2 relationship of the CRU to the MMQD. The difference in thickness 
between the CRU northeast and southwest of the MMQD is explained by substantial 
tectonic thinning along the Razorback thrust and/or removal of large sections of CRU 
by the Razorback thrust in all three models. Schematic cartoons of all three models are 
presented in Figure 34; these cartoons are meant to show the pre-and-post-D2 
positions of the CRU relative to the MMQD. Post-D2 geometries are portrayed in their 
present state, however the pre-D2 orientation of the MMQD-CRU contact and SI 
foliation are somewhat unknown; a gently-dipping pre-D2 orientation of SI foliation is 
assumed in the Northern domain because the shallowly-plunging upright folds imply a 
gentle dip prior to folding.
In model #1 a portion of the intrusive MMQD-CRU contact from the Northern 
domain is transported to the SW via thrusting and imbricated with the Napeequa unit 
along the southern margin of the MMQD (Figure 34); the schistose CRU inclusion at 
station 12G (Figure 7) is therefore emplaced by thrusting. In this model it is unknown 
what the southern margin of the MMQD was in contact with prior to thrusting. The 
MMQD-CRU contact becomes overturned along the SW margin of the MMQD by 
thrusting, and over-steepened on the NE margin by D2 upright folding.
In models #2 and #3 (Figure 34) the intrusive MMQD-CRU contact in the 









































































































































































































thrusting. The schistose CRU inclusion at station 12G represents the "bottom" of the 
now overturned gradational intrusive contact between the two units. The difference 
between model #2 and #3 is the relative structural position of the MMQD and CRU to 
each other prior to D2. In model #2, (Figure 34) the MMQD is structurally above the 
CRU prior to D2; this requires that MMQD was thrust over the CRU in an earlier event, 
or the MMQD-CRU package was overturned. Following D2, the two CRU sections are 
connected by a synform, the SW limb contains the Razorback thrust, and the NE limb is 
the over-steepened intrusive contact in the Northern domain. In model #3, (Figure 34) 
the MMQD is structurally beneath the CRU prior to D2. The D2 events overturn the 
intrusive contact on the southern margin of the MMQD by thrusting, and over-steepen 
the intrusive contact in the Northern domain.
Resolving the crustal-scale geometry of the CRU could provide much needed 
insight into the entire Cascade River area. Future workers in the area should consider 
each of these models. Returning to the CRU outcrops in the footwall of thrust, and the 
CRU sliver in Domain I with these models in mind may provide some resolution to the 
issue. A test of models #2 and 3 would be evidence of an original intrusive contact 
between the CRU and MMQD along the Razorback thrust.
Relating findings of this study to the greater Cascade River region
Understanding the complete tectonic evolution and structural geometry of the 
Cascade River region is difficult due to the post-metamorphic offset along the Entiat 
fault and the diachronous nature of metamorphic events between the Wenatchee and 
Chelan blocks. In order to visualize how the two blocks related to each other during
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mid-Cretaceous deformational events the ~5km of dextral offset and ~15-20 km of dip- 
slip motion (Cary, 1990) must be undone. Extending the structural features of the 
northern Wenatchee block to the east, over the northern Chelan block provides a 
proxy of events that took place in the upper crust in the mid-Cretaceous; the Chelan 
block provides a proxy of events that took place in the lower crust in the mid- 
Cretaceous. Understanding events in the Wenatchee block may help answer questions 
regarding loading events and crustal scale geometry. Analysis of events in the Chelan 
block may help provide solutions regarding the partitioning of strain at depth.
Diachronous loading of the Wenatchee and Chelan blocks in the Cascade 
River area
Previous work has shown that peak metamorphism and most plutonism of the 
Wenatchee block took place from >96-90 Ma. New age from the Cyclone Lakes pluton '
indicates that it is younger than most plutons in the block, 81 Ma. Ductile deformation 
in the Wenatchee block had largely ceased by 75 Ma in the north (Walker and Brown,
1991; Fluke, 1992; Tabor et al., 2002), 81 Ma in the south (Engels et al., 1976; Tabor et al.,
1987; Evans and Davidson, 1999) and continued after 68.5 Ma in the Swakane gneiss, in |
central region of the block (Miller et al., 2006). New data from this study indicates that
localized ductile deformation continued to ~58 Ma. The new ages suggest a consistent
south to north younging trend of ductile deformation in the Wenatchee block. The
Chelan block preserves a longer history of metamorphism, plutonism and ductile




Peak metamorphism specific to the northern Wenatchee block began prior to 
96 Ma and was finished by 92 Ma (Brown et al, 1994, Brown & Walker 1993; Tabor et al., 
2002). The D1, Ml and Si events outlined in this study are interpreted to have 
occurred during this time. The age of metamorphism is different in the Chelan block; a 
117 Ma K-Ar cooling age of hornblende is reported in the Mt. Formidable area (Figure 
3), however this anomalously old age is suspect (Tabor et al., 2002). A better age 
constraint is provided by the overprint of andalusite by kyanite in the margins of the 
syntectonic 88-90 Ma Eldorado pluton, indicating two metamorphic events. Pressures 
increased from 3-4 Kb at the time of intrusion, to 7-8 Kb (McShane and Brown, 1991; 
McShane, 1992) by the time of the 76 Ma syn-tectonic intrusion of the Marble Creek 
pluton (Brown et al., 1994) (Figure 3). Other workers north and east of the Cascade 
River area report similar ages of metamorphism (Haugerud et al., 1991; Miller et al., 
1993). In the northern Wenatchee block there is no record of a post-90 Ma, regional 
metamorphic event that records higher pressures. Isaacson (2008) reports a second 
metamorphic event, recorded by Ml b garnet growth in Domain II, with higher 
pressures than Mia; both of the Mia and Ml b event s are constrained as pre-92 Ma 
with the current limited geochronology of the region. In the Cascade River are, the 
timing of the second metamorphic event in the Chelan block (between 88-76 Ma) 
partially overlaps the time span of D2 events (between 92 and 81 Ma) in the Northern 
domain and Razorback thrust (Figure 32). The thickening of the crust in the Wenatchee 
block via NE-SW shortening along the Razorback thrust and Northern domain upright 
folds could provide some of the necessary 3-4 kb of increased pressure recorded in the 
Eldorado pluton margin. Further geochronology is needed, specifically related to
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metamorphic loading events and the Razorback thrust, to determine if there is a 
relationship between D2 events of the study area and the second metamorphic event 
around the Eldorado pluton.
There are distinct similarities in the deformational fabrics formed in the 
Wenatchee and Chelan blocks in the Cascade River area. McShane (1992) reports that 
predominantly dextral shear sense (9:1 dextrahsinistral observations) in the Eldorado 
pluton and adjacent CRU (Figure 2) is concentrated within discrete shear bands during 
the high pressure metamorphism that took place between 88 and 76 Ma. In the CRU 
S2 shear zones cut an SI flattening fabric defined by flattened clasts of the Clastic CRU; 
in the Eldorado pluton shear zones are concentrated around the pluton margin 
(McShane, 1992). Dragovich (1989) reports the same relationship of SI flattening fabric 
that is locally cut by S2 shear zones in the CRU and Napeequa throughout the Chelan 
block side of his study area (Figure 2). These observations indicate that despite the 
differences in later metamorphic and deformational events, the Chelan and Wenatchee 
blocks in the Cascade River area experienced a very similar early history of a NE-SW 
shortening, followed by orogen-parallel dextral shear.
Shearing in the Eldorado pluton may indicate that there was a component of 
orogen-parallel deformation during the time of D2 events in the Northern domain and 
Razorback thrust. The large amount of uncertainty associated with the age of D2 
events and the age of deformation within the Eldorado pluton precludes any solid 
conclusions from being made regarding the timing of orogen-parallel shearing with 
respect to D2. Further investigation into the collection of hand samples and thin 
sections of McShane (1992) could provide valuable data concerning strain partitioning
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across the region. Of particular interest is the strain relationship of the discrete shear 
zones to the areas in between them; are the shear zones strike-slip zones active after 
flattening? If this is the case, it documents NE-SW shortening followed by orogen- 
parallel shear. If the strike-slip zones are simple-shear-partitioned zones with pure 
shear zones in between, and active at the same time as each other, it documents 
transpressional deformation.
Orogenic processes and tectonic evolution of the crystalline core
The tectonic timeline of orogenic events in the crystalline core is summarized 
and compared to the Cascade River area in Figure 35. The regions summarized include 
the entire Cascade River area (Dragovich, 1989; Cary, 1990; McShane, 1992; Fluke, 1992; 
Dougan, 1993; Brown et al., 1994) the southern and central crystalline core (Paterson et 
al., 2004, Miller et al., 2006), and the Harrison Lake area in the southern Coast Plutonic 
Complex (Brown et al., 2000). The Harrison Lake area was nearly adjacent to the 
Cascade River region during the Cretaceous if dextral motion is restored on the 
Straight Creek/Fraser River fault (Figure 1B) (Umhoefer and Miller, 1996). All previous 
work acknowledges that the earliest deformation is associated with some degree of 
orogen-normal shortening; in this study there is also a component of orogen-parallel 
shearing within the Northern domain during early (D1) deformation, however it Is 
unknown if this during accretion. The Paterson et al. (2004) and Miller et al. (2006) 
studies also agree with findings in this study that the late stages of deformation, latest 
Cretaceous to early Tertiary, record NNW and/or N-vergent folding and shearing; 
Paterson et al., (2004) and Miller et al., (2006) studies also report NNE- vergent folding. 

































































































during this time NW translation proponents (Brown and Talbot, 1989; Brown et al., 
1994) interpret orogen-parallel dextral shear, the SW-vergent thrusting supporters 
(Paterson et al., 2004, Miller et al. 2006) interpret NE-SW contraction. A study in the 
Sloan Peak area in the central Wenatchee block south of Figures 2 and 3 by Longtine 
(1991) documents evidence of syn-plutonic 91 Ma dextral orogen-parallel shear.
Brown et al. (2000) document transpressive deformation from 94-84 Ma along 
dextral strike-slip and reverse shear zones evidenced by the presence of shallow and 
down-dip stretching lineations in the Harrison Lake area (Figure 35). Shearing along 
the X-Z and Y-Z planes and the partitioning of simple shear along the northern CRU- 
MMQD contact amongst a much broader zone of pure shear in the Northern domain 
and Domain I is evidence of transpressional deformation during D1. The constraining 
of D1 events >92 Ma is therefore partially compatible with findings from the Harrison 
Lake area (Brown et al., 2000). As discussed above, it is uncertain if there are elements 
of orogen-parallel shear during D2 events in the study area. The evidence of 
transpressional deformation in the Harrison Lakes area from 94-84 Ma lends support to 
the hypothesis that transpressional tectonics could be active in the Cascade River area 
during the same time period considering the proximity of two areas to each other in 
the Late-Cretaceous. Paterson et al. (2004) do not acknowledge dextral transpression 
beginning until 73 Ma in the Chelan block; this may suggest that transpression began 
later in the Chelan block. Miller et al. (2006) note components of mixed shear sense 
parallel and normal to stretching lineations in the Chiwaukum schist in the southern 
Wenatchee block but do not attribute this to transpression.
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The interpretation of the significance of stretching lineations, the processes that 
formed them and their relationship to shear sense throughout the crystalline core is at 
the root of the different orogenic models proposed for the crystalline core. Previous 
workers in the Cascade River region (Brown et al., 1994), Harrison Lake area (Brown et 
al., 2000) and southern Wenatchee block, specifically the Mt. Stuart area (Brown and 
Talbot, 1989), (Figure 1 b) have argued that orogen-parallel stretching lineations are 
indicative of orogen-parallel translation formed by non-coaxial shearing along dextral 
strike-slip shear zones. Other workers in the Mt. Stuart area and southern and central 
regions of the crystalline core have argued that NW-SE plunging lineations merely 
preserve the maximum stretch direction during orogen-normal contraction (Miller and 
Paterson, 1992; Paterson and Miller, 1998a).
Miller et al., (2006) hypothesized a single composite lineation orientation 
formed over 30-50 Ma and that the development and orientation of this orogen- 
parallel lineation has been affected by progressive fold generations. They argued 
specifically that early isoclinal folds formed an axial-planar foliation that was later 
deformed by upright buckle folds. The orientation of the early isoclinal fold axes has 
influenced the growth of lineations parallel to the fold axes of the later upright folds. 
They describe outcrops with refolded folds where the last phase of folding is 
interpreted to have oriented older fold axes into an orogen-parallel orientation. In this 
interpretation lineations are not the result of orogen-parallel transport, but reflect the 
maximum stretch direction of the finite strain ellipse formed during multiple 
deformations during the orogeny.
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The MMQD and CRU of the Northern domain do not preserve early isoclinal 
folds within foliation nor is there evidence of refolded folds at outcrop scale 
(Dragovich, 1989; Cary, 1990). It does not seem likely that stretching lineations along 
the MMQD-CRU contact of the Northern domain formed by a process of superimposed 
folding. This is further supported by the lack of stretching lineations in areas outside of 
well developed shear zones where the fabric is typically flattening in the CRU or 
undeformed in the MMQD, an observation made by myself, Dragovich (1989) and Cary 
(1990). it is acknowledged that strong development of orogen-parallel lineations with 
high X:Z ratios along the CRU-MMQD contact of the Northern domain has probably 
been enhanced by the development of NW-trending upright F2 folds parallel to the LI 
shear related stretching lineations. Despite this, the development of stretching 
iineations throughout the study area is interpreted to represent transport direction. In 
Domain HI and the Northern domain this is evidenced by the parallel orientation of 
lineation attitudes to the intersection of S and C planes; in the Razorback thrust zone 
NE-piunging stretching lineations are sub-parallel to the slip-line calculated by the 
Hansen (1971) analysis on asymmetric F2 folds.
The data and interpretation from this study and the Miller et al. (2006) study 
indicate a difference in deformational processes between the northern and southern 
Wenatchee biock. The lower number of folding events and lower metamorphic grade 
in the Cascade River area may have resulted in preserving components of orogen- 
parallel shear that are overprinted by the later and larger number of folding events in 
the southern Wenatchee block. This relationship could explain the discrepancies 
between this study and the Miiler et al., (2006) study. Alternatively, the northern and
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southern Wenatchee block may not share the same deformational history; orogen- 
parallel shear may have been restricted to the northern region of the block.
Summary and Conclusions
The primary goals of this study were to: 1) determine the number and 
kinematics of deformational events and their tectonic significance, 2) resolve the 
uncertain kinematics related to the Razorback thrust, 3) obtain new absolute ages to 
further the geochronology of the region and 4) to relate the findings obtained in the 
study to published orogenic models of the crystalline core. These goals have been met 
to varying degrees, but there are still unresolved issues that leave room for future 
work; specifically regarding further absolute age constraints.
1. Transpressive deformation was active during D1 events with components of
orogen-normal and orogen-parallel shearing preserved within the Northern domain 
shear zone. Transpression resulting in the partitioning of strain that focused a narrow 
zone of simple shear along the MMQD-CRU contact amongst a wider zone of flattening 
fabric formed by pure shear. Elements of orogen-normal and orogen-parallel 
deformation are evident after D1 events, however it is not certain if these elements 
were active at the same time.
2. D1 events are constrained as >92 Ma, based on 92 and 96 Ma plutons that
intruded foliated country rock and a 94 (-i-- 2.5) Ma K-Ar muscovite age in a 
metamorphosed pluton (Tabor et al., 2002). The MMQD of Domain I and the late- 
syntectonic to intertectonic garnets within the Napeequa of Domain II record the peak 
metamorphism of the region, and indicate two metamorphic events were associated
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with pre-Razorback thrust deformational events. Better absolute age constraints are 
needed to more accurately constrain the age of peak metamorphism; abundant garnet 
porphyroblasts in the Napeequa offer Sm-Nd dating potential.
3. D2 events are constrained as post-Dl, therefore uncertainties of D1 ages are
carried over to D2. The younger age of D2 is loosely constrained at ~80-81 Ma, based 
on the new 81 Ma U-Pb zircon age of the Cyclone Lakes pluton; the northern margin of 
the pluton has sub-solidus foliation concordant to D2 thrust foliation which may 
indicate that it was formed towards the end of thrusting. During D2, SW-vergent 
thrusting occurred along the Razorback thrust and is interpreted as at least partially 
coeval with upright folding of the Northern domain; collectively these events indicate 
orogen-normal contraction. Slip estimates on the thrust range from 1.25-6 km.
4. D3a, D3b and D3c structures within Domain III began post-74 Ma and
produced moderate amounts of orogen-parallel shortening marked by NE and E- 
plunging folds, and orogen-parallel non-coaxial sinistral folding and shearing. These 
events locally overprint and fold D2 structures across the Razorback thrust zone.
The two most important findings of the study are the SW-vergence of the 
Razorback thrust, and the identification of orogen-normal and orogen-parallel 
deformations, indicating the significance of transpressional tectonics to the orogen. 
The kinematic analysis pertaining to the Razorback thrust is important because it 
documents evidence of a preserved SW-vergent thrust in the crystalline core; such 
thrusts have been proposed by workers to explain the major crustal loading events in 
the orogen. The Razorback thrust does not represent an early regional crustal loading
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event, but a structure that post-dates peak loading and metamorphism. The 
mechanism(s) of crustal loading responsible for D1 events and subsequent peak 
metamorphism have not been resolved by this study. The key finding pertaining to D1 
events is the interpretation of transpressional deformation in the Northern domain. 
Further relative and/or absolute age constraints pertaining to the dextral S-C fabric of 
the Northern domain and surrounding region are required to conclusively ascertain if 
regional strain was partitioned into orogen-normal and orogen-parallel deformational 
zones. The last phases of deformation documented by this study, D3 events, are 
comparable to findings presented by other workers in the crystalline core regarding 
the final stages of ductile deformation. The kinematics of late stage deformation 
throughout the crystalline core are consistently orogen-parallel in this study and in 
other studies.
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Appendix A: Geologic Maps
Boulder Creek Map and Stations
Northern domain Map and Stations
lllabot Creek domain Map and Stations
Portion of Cary (1990) field map



































































Appendix A: Geologic map with station locations of lllabot Creek domain. Map legend 
on Plate 2, see Figure 4A for location of map in study area.
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G'
Appendix A: Scanned portion of Cary (1990) field map that was used to 
construct cross section line G-G'.
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domain of this study. Data from the field map was used to construct portions cross- 
section's B-B' and F-F'. Location of cross-section lines is shown for reference.
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Appendix Br^oAr/^^Ar Geochronology
Methods: Mineral Separation and Analysis
Sample preparation for ^oAr/^^Ar analysis was performed at Western 
Washington University by the author. Extreme caution was used to avoid sample 
contamination from external sources and between samples. Samples were crushed by 
hammer, then mortar and pestle, rinsed in de-ionized water and dried in an oven at 
~100°C. Crushed samples were sieved and size 80 phi was used as it contained the 
most abundant unaltered micas. Micas were separated from the remaining grains by 
Franz magnetic separator at the Pacific Centre for Isotopic and Geochemical Research 
(PCIGR), at the University of British Columbia. The coarsest, inclusion free grains were 
chosen for analysis.
Radiometric analysis of ^oAr/^^Ar in muscovite and biotite using noble gas mass 
spectrometer (NGMS) was performed by T. Ullrich at the PCIGR; samples were 
irradiated with a group of samples of suspected Late Cretaceous age prior to analysis, 
sample heating for step-heating argon extraction is accomplished utilizing a 30W MR- 
10 infrared C02 laser from New Wave Merchantek. Individual grains of muscovite and 
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Appendix C: 206jj_238pb Geochronology
Methods: Mineral Separation and Analysis
Approximately 25 lbs of sample was collected and initially crushed via jaw 
crusher by myself at Western Washington University. The remaining sample 
preparation was conducted by J.K. Mortensen at the PCIGR. The crushed samples were 
deemed too coarse by Mortensen and crushed again using a Rhino jaw crusher, then 
grinded via Bico disk grinder equipped with ceramic grinding plates. Mineral 
separation was performed by a Wilfley wet shaking table equipped with a machined 
Plexiglas top, followed by conventional heavy liquids; zircons were used for the 
analysis.
Radiometric analysis of 2°6U-238pb using laser ablation inductively coupled 
plasma mass spectrometry (LA-ICPMS) was conducted on separated zircons. All of the 
analytical work was done at the PCIGR by J.K. Mortensen. A full description of methods 
used at the PCIGR has been described by Mortensen etal. (2006). Approximately 25 of 
the coarsest inclusion free grains were selected and gain mounted with an 
internationally accepted standard zircon (mid-K in this case), and polished to a very 
high standard. The final interpreted age is based on a weighted average of the 




































































































Analysis 207Pb/206Pb error 206Pb/238U error 207Pb/235U error
a 0.04147 ±0.00448 0.0127 ±0.00031 0.07085 +0.00758
b 0.04673 ±0.00436 0.0128 ±0.00028 0.08186 +0.00756
c 0.04907 ±0.00359 0.0126 ±0.00024 0.08437 +0.00609
d 0.05431 ±0.00326 0.01259 ±0.00023 0.09606 +0.00568
e 0.04692 ±0.00162 0.01271 ±0.00017 0.08288 +0.00284
f 0.04655 ±0.00242 0.01277 ±0.00023 0.08265 +0.00422
i 0.0436 ±0.00978 0.01236 ±0.00045 0.07534 +0.01677
j__________ 0.02044 ±0.01008 0.01249 ±0.00058 0.03806 +0.01874
n 0.04635 ±0.01079 0.01256 ±0.00059 0.08385 +0.01932
0 0.04982 ±0.00162 0.01261 ±0.00017 0.08786 +0.00284
fi_________ 0.04958 ±0.00305 0.01254 ±0.00024 0.08746 ±0.00532
Ca culated A tes (in Ma; errors at 1 sioma leyeh
Analysis Pb207/Pb206 error Pb206/U238 error Pb207/U235 error
a 0.1 0 81.4 ±1.99 69.5 +7.19
b 35.4 ±209.66 82 ±1.8 79.9 +7.09
c 151.1 ±162.86 80.7 ±1.55 82.2 +5.71
d 383.9 ±129.12 80.6 ±1.44 93.1 +5.26
e 45 ±80.97 81.4 ±1.06 80.8 +2.66
f 26.3 ±120.08 81.8 ±1.48 80.6 +3.95
i 0.1 ±344.44 79.2 ±2.84 73.8 +15.83
j__________ 0.1 0 80 ±3.69 37.9 +18.33
n 15.6 ±480.5 80.4 ±3.73 81.8 +18.1
0 186.6 ±73.93 80.8 ±1.07 85.5 +2.65
D 175.4 ±137.66 80.3 ±1.54 85.1 ±4.96
Ele mental A bundanc (c ounts per se :ond1
Analysis 202 204 206 207 208 232 235 238
a 0 53 2171 89 101 9691 1283 166284
b 0 47 2059 95 77 9843 1186 156350
c 0 0 2216 108 115 11473 1300 170783
d 0 18 2603 140 93 12338 1484 200624
e 86 0 6675 311 474 47112 3807 508017
f 0 44 6104 282 330 34554 3462 462137
i 0 0 803 34 107 12689 467 62541
i 0 41 869 17 141 12489 468 66864
n 0 48 762 34 111 11751 422 58069
0 0 0 6478 318 93 6304 3678 490710
D 0 25 2965 145 130 14011 1682 225777
Appendix C: Data (cont.) of U-Pb zircon grains from sample 187-CL
145
